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ABSTRACT
During the symbiosis between the gram-negative soil bacterium Rhizobium
(Sinorhizobium) meliloti strain and the leguminous plant Medicago sativa (alfalfa),
the R. meliloti fix atmospheric nitrogen into ammonia which can be used by the
plant, and the plant provides fixed carbon. The carbon storage compound poly-beta-
hydroxybutyrate (PHB) is produced by R. meliloti in the free-living state and during
invasion but disappears after the bacteria have invaded the plant and before
nitrogen fixation begins. We cloned and sequenced the R. meliloti phbC gene
encoding PHB synthase, constructed R. meliloti phbC mutants and showed that
they are unable to produce PHB but are still able to elicit nitrogen-fixing nodules.
The major form of carbon which is transported to the root nodules of leguminous
plants is sucrose. Since we were interested in sucrose metabolism, we isolated
R. meliloti genomic clones which allow a heterologous bacterial strain to utilize
sucrose. A R. meliloti alcohol dehydrogenase gene (adhA) was found to permit
growth of an Alcaligenes eutrophus phbC mutant on nitrogen limiting minimal
medium containing sucrose. adhA is expressed in A. eutrophus under conditions
where the native alcohol dehydrogenase is not expressed. A model for the role of
adhA is presented. A second screen for genes involved in sucrose uptake and
hydrolysis led to the identification of 5 loci which allow A. eutrophus to utilize any
of the alpha-glucosides sucrose, maltose or trehalose These loci evidently encode an
alpha glucosidase (aglA) and a periplasmic binding-protein dependent sugar
transport system (aglE, aglF, aglG and aglK). The agl genes permit uptake of
radiolabeled sucrose into A. eutrophus. R. meliloti aglA mutants grow well on
alpha-glucosides, suggesting that R. meliloti possesses at least one additional alpha-
glucosidase. R. meliloti aglE, aglF and aglG mutants grow poorly on alpha-
glucosides, suggesting that aglEFGK encode the primary transport system for these
sugars. By mutagenizing agl mutant strains it may be possible to isolate double
mutants unable to utilize alpha-glucosides. Such mutants would make it possible to
evaluate the importance of sucrose metabolism during symbiosis.
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Chapter 1
Introduction
All living things require the element nitrogen as an essential building block for
cellular components including proteins and nucleic acids, but most are unable to
utilize the essentially inert N2 gas which comprises 78% of the earth's atmosphere.
Instead, they rely on specialized bacteria and cyanobacteria which are able to convert
nitrogen gas into ammonia in a process called biological nitrogen fixation. Most
nitrogen fixers are soil or water organisms, and some can only fix nitrogen when
they are in associative or symbiotic relationships with plants or fungi. One well
characterized group of symbiotic nitrogen fixing bacteria is the Rhizobiaciae, which
includes the genera Rhizobium, Bradyrhizobium, Sinorhizobium and
Azorhizobium. The Rhizobiaciae fix nitrogen inside specialized structures known
as nodules on the roots of plants of the family Leguminosae.
Biological nitrogen fixation is a process of great agroeconomic importance. Many
familiar food crops are legumes, including alfalfa, soybean, and many of types of
peas and beans. Other plants which are remarkable for their fast growth, such as
kudzu and black locust, are also legumes. The well established practice of crop
rotation involves planting legumes and non-legumes in the same field in alternate
years. The legume-associated rhizobia enrich the soil with fixed nitrogen that can be
utilized by the following year's planting. By studying the symbioses between these
plant hosts and their bacterial guests, scientists have learned a great deal about both
the bacterial machinery which carries out the nitrogen fixation and the complicated
and elegantly balanced communication that goes on between the macrosymbiont
and microsymbiont partners.
This work focuses on the interaction between one of these pairs of partners: the
gram-negative soil bacterium Rhizobium meliloti and the leguminous plant
Medicago sativa (alfalfa). During the development of the R. meliloti-M. sativa
symbiosis, both partners undergo changes in gene expression which lead to distinct
morphological changes. The process begins when chemical signaling between the
symbionts initiates a developmental pathway in the plant, resulting in the
formation of a new organ on the root of the plants: the nodule (reviewed in Fisher
and Long, 1992; van Rhijn and Vanderleyden, 1995).
Chitooligosaccharide Nod factors
Alfalfa plants secrete flavonoids into the rhizosphere, which act as rhizobial
chemoattractants (Caetano-Anolles et al., 1988) and inducers of bacterial nod gene
expression (Peters et al., 1986; Redmond et al., 1986). Some of the most important
advances in the Rhizobium field in recent years have been the elucidation of nod
gene function (Denarie and Cullimore, 1993; Vijn et al., 1993) and the very early
steps of nodule initiation. The nod gene products are required for the synthesis of
Nod factors, molecules with a backbone of 3 to 5 residues of N-acetyl glucosamine
modified with an N-acyl lipid moiety at the non-reducing end (Denarie and
Cullimore, 1993). Different species of rhizobia produce distinct Nod factors (Spaink
et al., 1991; Sanjuan et al., 1992; Mergaert et al., 1993). Rhizobial host range is
determined in part by which plants respond to a particular Nod factor (Schwedock
and Long, 1990; Spaink et al., 1995). Nod factor is able to induce root hair curling
and cell division when added to seedlings in the absence of bacteria (Lerouge et al.,
1990; Truchet et al., 1991). In addition, purified Rhizobium meliloti Nod factor has
been shown to depolarize the alfalfa root hair cells (Erhardt et al., 1992). This plant
response may be responsible for the changes in gene expression needed for nodule
development.
One unexpected finding of these studies was the discovery that chitooligo-
saccharide molecules have biological activity in vastly different systems. For
example, exogenous application of purified Nod factor was found to rescue the
developmental block in a carrot embryogenesis mutant (De Jong et al., 1993),
suggesting that this non-legume could use a similar molecule as an endogenous
signal. The Xenopus DG42 gene, which is expressed only during embryogenesis,
was found to encode a protein capable of synthesis of Nod-factor-like
chitooligosaccharides (Semino and Robbins, 1995), and homologues of DG42 have
been cloned from zebrafish and mouse (Semino et al., 1996). In addition, Bakkers et
al. have shown that chitooligosaccharide production is required during a defined
stage of embryogenesis in zebrafish (Bakkers et al., 1997). These results demonstrate
that chitooligosaccharides define a new class of developmental signals found in both
plants and animals.
Alfalfa root nodule development
After the initiation of alfalfa nodule development has been stimulated by Nod
factors, cortical cell divisions begin and the nodule primordium grows outward
from the root (reviewed in Brewin, 1991; Franssen et al., 1992; Hirsch, 1992).
R. meliloti induces curling of alfalfa root hair cells, and then colonizes and invades
these cells. The bacteria physically invade the plant through a tube which forms
inside the root hair. This tube, termed the infection thread, grows from the point
of colonization inward toward the dividing plant cells of the nodule primordium.
After traveling through the infection thread, the invading bacteria are engulfed (in
a process resembling endocytosis) within a membrane of plant origin, forming the
symbiosome organelle. Because they are encased in this symbiosome membrane,
the bacteria remain topologically outside of the plant cell.
After they are released into this new environment, the bacteria begin to
differentiate into a larger and sometimes branched form called the bacteroid.
Bacteroid development proceeds through a series of four well defined
developmental stages (Vasse et al., 1990). Mature bacteroids are able to fix
atmospheric nitrogen to ammonia, which can be transported and utilized by the
plant. Throughout the processes of invasion and bacteroid maturation, the plant
provides fixed carbon to the bacteria, as it will continue to do during the course of
the interaction.
Bacterial mutants have been very useful for genetic dissection of the nodule
developmental pathway. Many R. meliloti genes required for the early steps of
nodule development (Debelle et al., 1986; Honma et al., 1990) and invasion (Leigh et
al., 1985; Reed and Walker, 1991a; Reed and Walker, 1991b; Glucksmann et al., 1993a;
Glucksmann et al., 1993b) as well as the later stage of nitrogen fixation (Putnoky et
al., 1988; Kahn et al., 1993) have been well characterized. Analysis of R. meliloti
strain Rm1021 has shown that bacteria which fail to produce the acidic
exopolysaccharide succinoglycan are not able to invade nodules (Leigh et al., 1985;
Long et al., 1988; Leigh and Coplin, 1992), and elicit the formation of white,
ineffective nodules which contain few or no bacteria and no bacteroids. Production
of a normally cryptic polysaccharide called EPS II can rescue this defect (Glazebrook
and Walker, 1989), and exogenously applied low molecular weight EPS II is able to
rescue a R. meliloti strain that produces neither exopolysaccharide, leading to the
production of effective nodules (Gonzalez et al., 1996).
A class of plant host genes, termed nodulins, which are expressed exclusively or
differentially in nodules, has been identified by analyzing mRNAs isolated from
roots or nodules (Legocki and Verma, 1980; Lullien et al., 1987). One class of
nodulins is comprised of oxygen-binding proteins known as leghemoglobins
(Verma et al., 1981) which are responsible for the characteristic pink color of
effective nodules. These proteins bind a heme group which is produced by the
bacteroids (O'Brian, 1996) and sequester most of the oxygen in the nodule, creating
the low oxygen conditions necessary for activity of the nitrogenase complex. By
examining which nodulins are expressed in spontaneous nodules in comparison to
nodules elicited by bacterial mutants it has been possible to show that expression of
the late nodulins, such as the leghemoglobins, may be dependent on release of
bacteroids into the symbiosome membrane but is not dependent on the ability of the
bacteroids to fix nitrogen (Lullien et al., 1987; Norris et al., 1988).
Carbon storage compounds observed in alfalfa nodules
Some nodules, such as those elicited on soybean roots by Bradyrhizobium
japonicum, grow to a certain size and then stop. They are therefore categorized,
using plant biology terminology, as determinate. In contrast, the nodules elicited
on alfalfa roots by R. meliloti continue to grow outward from the root for several
weeks. Nodules of this type are classified as indeterminate. A longitudinal section
through an indeterminate nodule can be interpreted as a timeline of the plant-
microbe interaction (Hirsch, 1992). The most plant-distal point of this type of
nodule is the meristem, where active plant cell division is taking place.
Immediately proximal to the meristem is the invasion zone, where R. meliloti
invade some of the plant cells. Separating the invasion zone from the older regions
of the nodule is a band of plant cells 2 to 3 cells thick (Vasse et al., 1990), in which
the uninfected plant cells contain numerous starch granules. These prominent
starch granules are not seen in the mature nitrogen fixing zone of the nodules
(Vasse et al., 1990). Starch deposition is increased in ineffective and spontaneous
nodules (Joshi et al., 1991), a striking example of which is seen in the nodules
elicited by exo mutants of R. meliloti (Finan et al., 1985; Leigh et al., 1987). It appears
that the nodule developmental pathway in the plant directs the production and
storage of starch, which disappears when effective symbiosis is achieved.
In an analogous situation in the bacteria, R. meliloti in the infection thread
contains numerous granules of the electron-transparent carbon storage compound
poly- P-hydroxybutyrate (Paau et al., 1978). However, these granules disappear after
the bacteria are released inside the symbiosome membrane, and this disappearance
marks the first stage in bacteroid development (Vasse et al., 1990). It appears that
both the plant and the rhizobia are storing carbon just prior to the establishment of
an effective symbiosis. In Chapter 2 we describe the isolation and characterization of
R. meliloti mutants unable to synthesize poly-P-hydroxybutyrate.
Carbon metabolism by R. meliloti
Studies of carbon metabolism by R. meliloti are complicated by the distinction
between carbon sources used in the free-living state and those used in planta.
Several groups have studied sugar metabolism by free-living rhizobia. The lactose
utilization operon of R. meliloti has been cloned and sequenced and consists of a
P-galactosidase (lacZ), a permease (lacY) and two other loci of unknown function
(lacW and lacX) (Jelesko and Leigh, 1994). R. trifolii mutants defective in
disaccharide metabolism have been characterized and are not impaired in their
ability to induce effective nodules (Ronson and Primrose, 1979). R. meliloti
mutants defective in galactose metabolism (Arias and Cerveftansky, 1986) have also
been characterized. The carbon source(s) utilized by bacteria in the infection thread
and developing bacteroids have not been elucidated, although it has been shown
that R. meliloti genes involved in catabolism of the plant secondary metabolite
trigonelline are induced during invasion and in planta (Boivin et al., 1990).
Much of the research on carbon metabolism in the R. meliloti-M. sativa
interaction has focused on genes that are required to fulfill the high energy
requirements for activity of the nitrogenase holoenzyme. It has been shown
conclusively that transport of dicarboxylic acids into the bacteroid is required for
effective symbiosis (Ronson et al., 1981; Bolton et al., 1986; Engelke et al., 1987;
Yarosch et al., 1989; Jording et al., 1994). dct mutants cannot transport dicarboxylic
acids, rendering them unable to grow on carbon sources such as succinate in the free
living state (Finan et al., 1988). In the symbiotic interaction, failure to transport
succinate into the bacteroid reduces the activity of the tricarboxylic acid (TCA) cycle.
dct mutants are Fix-, and it has been proposed that they do not produce enough
energy in planta to permit the activity of nitrogenase. Consistent with the model
that an active TCA cycle is required for biological nitrogen fixation, Rhizobium
mutants which lack the activity of TCA cycle enzymes are Fix- (Driscoll and Finan,
1993). Although the nodules they induce are ineffective, dct mutants are still able to
induce and invade nodules and proceed through the first three stages of bacteroid
development (Vasse et al., 1990) despite their inability to utilize dicarboxylic acids as
a carbon source. Therefore, there must exist additional pathways for carbon
transport and utilization during invasion and subsequent bacteroid development.
R. meliloti sucrose metabolism
The disaccharide sucrose is readily utilized by free living R. meliloti, and is found in
both the plant and bacteroid fractions of alfalfa root nodules. When nodulated
leguminous plants are provided 14C0 2, the first radiolabeled sugar detected in
nodule and bacteroid fractions is sucrose (Romanov et al., 1985; Streeter, 1991). As a
non-reducing sugar, sucrose is less susceptible to modification and thus is the main
sugar transported in the phloem (Giaquinta, 1983). Its presence at high
concentrations in the bacteroids suggests that sucrose is being transported across the
symbiosome membrane. Transport of sucrose in the infection thread has not been
investigated.
No genes involved in R. meliloti sucrose metabolism have been identified, nor
have mutants of R. meliloti have been reported that were isolated on the basis of
their inability to transport or cleave sucrose. No evidence of sucrose phosphorylase
activity, required for sucrose uptake via the PEP-phosphotransferase system (PTS)
utilized by enteric bacteria, has been found in fast- or slow-growing rhizobia
(Martinez-de Drets et al., 1974). R. meliloti has been shown to produce both sucrose
uptake and hydrolysis activities (Martinez-de Drets et al., 1974; Glenn and Dilworth,
1981). Disaccharide uptake in R. meliloti is an active process, and competition
studies suggest that the a-glucoside disaccharides sucrose, trehalose and maltose are
imported by the same transport system (Glenn and Dilworth, 1981).
Sucrose-cleaving enzymes
As the main photosynthate transported in the phloem of higher plants (Giaquinta,
1983), sucrose is very abundant and many organisms have evolved ways to utilize
this disaccharide. By convention, the glycosidic bond in sucrose is classified as an a-
glucosidic bond. But viewed from the perspective of the fructose, the bond is a P-
linkage. For this reason, both a-glucosidases and f-fructofuranosidases have been
identified with sucrose-cleaving activity.
Hundreds of genes encoding glycosyl hydrolases have been cloned and
sequenced, providing a large body of information about these enzymes. Glycosyl
hydrolases have been divided into families based on substrate specificity and protein
sequence (Henrissat, 1991; Henrissat and Bairoch, 1993; Henrissat and Romeu, 1995).
Many sucrose cleaving enzymes belong to family 13 of glycosyl hydrolases (Janecek
et al., 1997), which is also called the a-amylase family to reflect the fact that many of
its members are active on amylose (starch). This family contains proteins with at
least 18 different substrate specificities (Svensson, 1994), including a-amylase,
o-glucosidase (Suzuki et al., 1989), oligo-1,6-glucosidase (Kizaki et al., 1993), and
starch branching enzyme (Poulsen and Kreiberg, 1993). Other enzymes that cleave
sucrose include extracellular and intracellular invertases, sucrose-6-phosphate
hydrolase (Schmid et al., 1982), and levansucrase (Cruz et al., 1990), which cleaves
sucrose and catalyzes the formation of long polymers of fructose subunits.
Sucrose metabolism by other bacteria
Although Escherichia coli K12 is unable to utilize sucrose, sucrose positive E. coli
are found in nature (Palchaudhuri et al., 1977; Lengeler et al., 1982). One isolate,
EC3132, was found to encode a sucrose hydrolase (CscA), D-fructokinase (CscK) and
a proton symport type transport system (CscB) (Bockman et al., 1992). The csc locus
is an inducible regulon and also encodes a sucrose-specific repressor (CscR). Other
sucrose positive E. coli carry the genes necessary for sucrose metabolism on plasmids
such as pUR400 (Schmid et al., 1982), which encodes a sucrose transporter (scrA)
and sucrose-6-phosphate hydrolase (scrB) and relies on the host's intact phospho-
enolpyruvate:carbohydrate phosphotransferase system (PTS).
The PTS couples the phosphorylation of substrates with their transport across the
inner membrane (Postma et al., 1993; Saier and Reizer, 1994). The PTS is also
involved in chemotaxis and regulation of the synthesis and activity of other
transport systems. This is a modular system, with two general enzymes and one or
two substrate-specific enzymes which interact with the general enzymes. Enzyme I
acquires a phosphate from phosphoenolpyruvate and transfers it to HPr. Enzyme II
is a membrane protein that transports a specific substrate, which is then
phosphorylated by HPr-P. In some cases a fourth protein, Enzyme III, is associated
with Enzyme II. The genes encoding Enzyme I and HPr, ptsI and ptsH, respectively,
are linked on the E. coli chromosome. The scrA gene from pUR600 (Schmid et al.,
1982) encodes a sucrose-specific Enzyme II (Titgemeyer et al., 1996).
The majority of sucrose-positive bacteria which have been reported use the PTS
for transport and hydrolysis of sucrose (Postma and Lengeler, 1985; Reizer et al.,
1988). A well-characterized example is the gram-positive bacterium Bacillus subtilis.
Expression of the B. subtilis sacPA operon, encoding a sucrose-specific PTS-
dependent permease (SacP) and an intracellular sucrase (SacA), is regulated by SacT
(Debarbouille et al., 1990). The expression of sacB, encoding levansucrase, is
negatively regulated by SacX, which shares homology with SacP, and positively
regulated by SacY (Cruz et al., 1990). SacT and SacY are transcriptional
antiterminators which, in the presence of sucrose, bind to the nascent RNA and
permit transcription to proceed past p-independent terminators found upstream of
the sacPA and sacB genes (Arnaud et al., 1996). The regulation of sacPA and sacB by
antitermination strongly resembles that observed at the bgl operon of E. coli, where,
in the presence of -glucosides, BglG acts as an antiterminator to permit
transcription of bglF and bglB (Houman et al., 1990).
Identification of sucrose utilization genes
Many systems for the utilization of sugars have been identified by isolation of clones
which allow E. coli K12 to utilize sucrose. For example, the Staphylococcus xylosus
scrB gene, which encodes a sucrase, was isolated by screening a S. xylosus genomic
library in E. coli (Brueckner et al., 1993). An operon encoding a regulatory protein
(MalR) and an (-1,4-glucosidase (MalA) involved in maltose-maltotriose utilization
was isolated from the same organism using a similar strategy (Egeter and
Brueckner, 1995). The sacC gene, encoding an extracellular sucrase, has been cloned
from Zymomonas mobilis and expressed in E. coli (Kannan et al., 1995). An
extracellular sucrase (scrB) has also been characterized from Vibrio alginolyticus and
when expressed in E. coli the ScrB protein is translocated to the periplasm but not
exported across the cytoplasmic membrane (Scholle et al., 1989).
Screening for sucrose metabolism genes in a heterologous host can yield
unexpected results. For example, Schuerman et al. found a fragment of
Agrobacterium tumefaciens DNA which gives E. coli the ability to grow on sucrose
(Schuerman et al., 1997). However, when they examined the enzyme extracts of the
sucrose-positive E. coli, instead of detecting invertase activity they found evidence
of D-glucoside-3-dehydrogenase and a-3-ketoglucosidase activities. Further tests
revealed that the latter enzyme was active on 3-ketosucrose, and the researchers
suggest that the A. tumefaciens DNA fragment also confers the ability to modify
sucrose so that it can be cleaved by the ketoglucosidase. In an unexpected result
described in Chapter 3, an alcohol dehydrogenase gene was identified in a screen for
R. meliloti genomic clones which permit the growth of an A. eutrophus phbC
mutant on sucrose.
Chapter 4 describes the identification and characterization of R. meliloti genes
involved in the metabolism of the a-glucosides sucrose, maltose and trehalose.
These genes were found by screening a R. meliloti genomic library in A. eutrophus.
R. meliloti appears to be the first bacterium reported to use a periplasmic binding
protein dependent system that specifically transports sucrose, maltose and trehalose.
Chapter 2
The phbC (poly--hydroxybutyrate synthase) gene of Rhizobium meliloti
and characterization of phbC mutants
ABSTRACT
Defined insertion mutations have been constructed in the Rhizobium meliloti
phbC gene, which encodes poly-j3-hydroxybutyrate (PHB) synthase. The locus was
isolated and subcloned from a genomic library of R. meliloti Rm1021 by
complementation of a phbC mutation of Alcaligenes eutrophus. PHB production
was detected in wild type R. meliloti under limiting nutrient conditions, but not in
rich medium. No PHB production was detected in the R. meliloti phbC mutants.
The DNA sequence of the R. meliloti phbC gene was determined. The deduced
polypeptide sequence is homologous to previously identified PhbCs from other
bacteria. The R. meliloti phbC locus maps to pRmeSU47a, the smaller of two
megaplasmids.
INTRODUCTION
Poly-P-hydroxybutyrate (PHB) is a carbon storage polymer produced by many
bacteria, and a member of a class of biodegradable thermoplastics known as
polyhydroxyalkanoates (PHAs) (Anderson and Dawes, 1990). Since its
characterization by Lemoigne (Lemoigne, 1925; Lemoigne, 1926), PHB has been
detected in many microorganisms. Early studies of PHB in the Rhizobiaceae focused
on an apparent correlation between high levels of intracellular PHB and reduced
efficiency of nitrogenase (Romanov et al., 1974; Tombolini and Nuti, 1989).
Bacteroids within determinate nodules, such as those elicited on soybean by
Bradyrhizobium japonicum and on bean by Rhizobium etli, often accumulate high
levels of PHB which may be used as a carbon source during periods of darkness or
seed formation, when photosynthate is unavailable (Bergersen et al., 1991) or as a
sink for reducing equivalents.
In contrast, bacteroids within indeterminate nodules, such as those elicited on
alfalfa by Rhizobium meliloti, do not accumulate PHB. During the invasion
process R. meliloti traveling through the infection thread contain numerous
granules of electron transparent poly-P-hydroxybutyrate (Paau et al., 1978). Upon
release from the infection thread, the bacteria are enclosed in the plant-derived
symbiosome membrane, and remain topologically outside of the plant. In response
to the new environment of the symbiosome, the bacteria enter the bacteroid
developmental pathway. Disappearance of the PHB granules is a hallmark of the
first of four distinct stages of bacteroid development (Vasse et al., 1990).
Although the timing of this phenomenon is so precise and consistent it is used
to define a stage of development, only one R. meliloti mutant has been reported
which is blocked so early in bacteroid development that the PHB granules remain
within the cells. R. meliloti bacA mutants (Glazebrook et al., 1993) are able to
initiate nodulation and invade growing nodules, but fail to differentiate into
bacteroids. bacA cells senesce soon after engulfment in the symbiosome membrane,
and the senescent and lysing bacA cells observed in electron micrographs contain
PHB granules. BacA is a homologue of Escherichia coli SbmA, and both proteins
appear to be membrane-spanning transporters. It is hypothesized that the early
senescence is due to failure of the bacteroids to perceive a plant derived
environmental signal, or alternately a failure to export a plant-derived toxin or
bacterially-derived signaling molecule (Glazebrook et al., 1996; Ichige and Walker,
1997).
The proposed signal or molecule may act directly or indirectly as a regulator of
gene expression. Some of the changes in gene expression during the transition from
bacterium to bacteroid could include new transcription required for mobilization of
the carbon in PHB granules. For example, genes encoding PHB depolymerase or
other activities may be turned on in wild type cells during this transition, while
genes encoding PHB biosynthetic enzymes may be turned off at this stage. In a bacA
strain, these changes in gene expression do not occur presumably because the BacA
protein is not present to transport the critical molecule(s), bacteroid development is
blocked and the PHB granules are not broken down. By examining the production
of PHB in the R. meliloti-M. sativa symbiosis we sought to better understand the
role of PHB during invasion.
The PHB biosynthetic pathway has been elucidated in several organisms
(Anderson and Dawes, 1990; Steinbiichel et al., 1992). Many bacteria, notably
Alcaligenes eutrophus, produce PHB from acetyl-CoA in a three step process
(Schubert et al., 1988; Peoples and Sinskey, 1989b; Peoples and Sinskey, 1989c) (Figure
2-1). In the first step of the pathway, biosynthetic f-ketothiolase condenses two
molecules of acetyl-CoA to form acetoacetyl-CoA. This substance is converted to
P-hydroxybutyryl-CoA by a NADPH-dependent acetoacyl-CoA reductase. PHB
synthase (often called PHA synthase or PHB polymerase) then catalyzes the
polymerization of P-hydroxybutryl CoA to form PHB.
The PHB synthase (phbC) gene of R. meliloti strain 41 has been described
(Tombolini et al., 1995). Rm41 has the same nodulation host range as Rm1021, but
is a significantly different isolate. Clear distinctions can be made between the
bacteriophage sensitivity profiles of Rm1021 and Rm41, reflecting differences in the
cell surfaces of the two strains. Furthermore, Rm41 is capable of using a capsular
polysaccharide, KPS, to invade nodules (Petrovics et al., 1993), while Rm1021 uses
one of two exopolysaccharides to fulfill this function (Leigh et al., 1985; Glazebrook
and Walker, 1989).
Rm1021 and its sibling strain Rm2011 have been used in a wide variety of studies
of nodules (Hirsch et al., 1982; Dudley et al., 1987; Vasse et al., 1990; Glazebrook and
Walker, 1991; Yang et al., 1992) and have been more extensively characterized than
Rm41. We were interested in examining PHB synthesis in Rm1021 in order to gain
insight into its possible influences on the nodulation process and to be better able to
analyze the signals controlling PHB synthesis and degradation during symbiosis.
MATERIALS AND METHODS
Strains and growth media.
Bacterial strains and plasmids used in this study are listed in Table 2-1. R. meliloti
was routinely grown in Luria-Bertani (LB) broth supplemented with 2.5 mM MgSO 4
and 2.5 mM CaC12. A. eutrophus was grown in LB broth or Trypticase Soy broth
(Gibco/BRL). E. coli was grown in LB broth. The low nitrogen minimal medium
MM1 (Peoples and Sinskey, 1989b), containing 0.5% fructose as the sole carbon
source, was used to screen A. eutrophus strains for PHB production. Antibiotics
were used at the following concentrations: ampicillin (Amp), 150 gg/ml;
chloramphenicol (Cm), 20 gg/ml; gentamicin sulfate (Gm), 5 gg/ml for E. coli,
50 gg/ml for R. meliloti; kanamycin sulfate (Km), 50 gg/ml; nalidixic acid (Nal),
50 gg/ml; neomycin sulfate (Nm), 200 gg/ml; spectinomycin (Sp), 100 gg/ml;
tetracycline (Tc), 10 jgg/ml.
Genetic techniques
Conjugal transfer of plasmids was accomplished in triparental matings using
pRK600 to provide transfer functions. In matings where A. eutrophus was the
donor, a 5:1:1 ratio of donor:recipient:helper culture volumes was used.
Generalized transduction in R. meliloti using bacteriophage OM12 and
recombination of insertions into the R. meliloti genome were performed as
described (Glazebrook and Walker, 1991).
DNA manipulations
Plasmid and cosmid DNA was isolated from overnight cultures of E. coli by the
alkaline lysis method (Maniatis et al., 1982). R. meliloti and A. tumefaciens
genomic DNA was prepared as described, using CTAB (hexadecyltrimethyl-
ammonium bromide) to precipitate contaminating polysaccharides (Ausubel et al.,
1995). Restriction enzymes and DNA ligase were used according to the instructions
of the supplier (New England Biolabs, Beverly, MA or Takara, Japan). Gene Screen
Plus membranes (Dupont/NEN, Boston, MA) were employed for Southern blotting
and hybridization. Hybridization probes were prepared with the NEBlot random
labeling kit (New England Biolabs, Beverly, MA) and labeled with 32P--dCTP from
Dupont/NEN (Boston, MA).
DNA Sequencing and analysis
The 3.7 kb EcoRI fragment of pPHB6 was subcloned into pBluescript SK+ to form
pLW113. Defined subclones of pLW113 were constructed using standard molecular
biology techniques. The entire insert, 3.648 kb, was sequenced using Sequenase
v. 2.0 (United States Biochemical), CircumVent PCR sequencing (New England
Biolabs, Beverly, MA) or by the MIT Biopolymers Laboratory. Contigs were prepared
with Assembly Lign software (Kodak/IBI) and the SeqMan program of the
DNASTAR software package (Lasergene, Inc.). Database searches were performed
using the BLAST (Altschul et al., 1990) algorithms and the databases maintained by
the National Center for Biotechnology Information. Alignments and other analyses
were performed using the GCG software package (Genetics Computer Group, 1991)
and the DNASTAR software package. The DNA sequence reported in this chapter
has been submitted to GenBank and assigned the accession number AF031938.
Isolation and analysis of complementing plasmids
A R. meliloti genomic library (Friedman et al., 1982) was mated into A. eutrophus
PHB#2. Transconjugants were selected on MM1 supplemented with fructose, Tc
and Km. After 3 days of incubation at 300 C, opaque, white PHB-producing strains
were isolated. The cosmids from these strains were mated into E. coli strain C2110
to facilitate isolation and analysis of cosmid DNA.
Construction of PHB+ subclones
In separate reactions, pLW111-2 DNA was digested with EcoRI or BamHI and then
religated. These ligation mixes were used to transform E. coli DH5a competent cells
and the resulting transformants were mated with A. eutrophus PHB#2.
Transconjugants were selected on MM1 fructose Tc Km and opaque, white PHB-
producing colonies were selected for further study. Cosmids from these strains were
mated into E. coli C2110. The 3.7 kb insert from one PHB+ subclone, pPHB6, was
cloned into EcoRI-digested pSW213 to make pLW119.
Disruption of the R. meliloti phbC gene
pLW119 was digested with BamHI and the 11 kb fragment containing the vector and
most of the insert was gel purified from an agarose gel slice using the Qiaex
extraction kit (Qiagen) and ligated with the kanamycin/neomycin resistance cassette
of miniTn5Km (de Lorenzo et al., 1990) to construct pLW150. The
kanamycin/neomycin resistance cassette was also cloned into the HindIII site of
pLW119 to create pLW152. pLW150 and pLW152 were mated into Rm1021 and the
drug resistance marker homogenotized into the genome. In each case the neomycin
resistance marker was transduced into a fresh background of Rm1021 and the
resultant strains Rm9600 and Rm9601 were used for further studies.
Mapping the phbC locus
The phbC locus was mapped to one of the R. meliloti replicons using the method of
Finan et al. (Finan et al., 1985). Genomic DNA from Rm1021, Rm9600, Rm9601 and
Agrobacterium tumefaciens strains At123, At125 and At128 was digested with EcoRI,
electrophoretically separated on an 0.6% agarose gel and blotted onto a Gene Screen
Plus filter (Dupont/NEN). The 1.2 kb BamHI fragment from pLW113 was labeled
with 32 P-c-dCTP and used to probe the filter.
Assays for PHB production
PHB assays were performed using the spectrophotometric technique described by
Law and Slepeckey (Law and Slepeckey, 1961) as modified by Peoples and Sinskey
(Peoples and Sinskey, 1989b). A. eutrophus or R. meliloti cultures were grown in LB
medium or in MM1 fructose medium supplemented with the appropriate
antibiotics. Pelleted cells from 50 ml cultures were resuspended in 1 ml lysis buffer
[10 mM Tris-Cl pH 8.0; 5 mM P-mercaptoethanol; 5 mM EDTA (ethylenediamine
tetraacetic acid); 0.02 mM phenylmethylsulfonyl fluoride (PMSF); 10%
weight/volume glycerol], placed in an ice bath and sonicated. A microtip sonicator
was used on setting 3, with pulses of 2.5 sec on, 2.5 sec off, for a total process time of
15 minutes.
The sonicate was divided in half, and one aliquot was used for isolation of PHB
as follows. In a microcentrifuge tube, 100 gl of the sonicate (crude lysate) was
combined with 1.2 ml of a 5% sodium hypochlorite solution and incubated at 37 0 C
for 1 hour. The precipitated material was pelleted and washed with water, then
actetone and finally ethanol. The pellet was dried under vacuum, then resuspended
in 100 pl chloroform. 0.5, 5 and 50 pl aliquots were placed at the bottom of glass
tubes, and the chloroform allowed to evaporate in the fume hood. The samples
were then dissolved in 5 ml of concentrated H 2SO 4 and placed in a boiling water
bath (with glass marbles on top of the tubes) for 10 minutes. The OD23 5 was
measured after the samples were allowed to cool. Purified PHB was purchased from
Sigma (St. Louis, MO) for use as a concentration standard.
For determination of protein content, the second aliquot of sonicate was
transferred to a microfuge tube and spun for 15 minutes in a tabletop
microcentrifuge. The supernatant (cleared lysate) was used for determination of
protein content by the method of Bradford (Bradford, 1976) using a commercially
available reagent (Bio-Rad) and bovine serum albumin (New England Biolabs) as a
standard.
Plant inoculation assays
Medicago sativa cv. Iroquois was obtained from Agway, Inc. (Plymouth, IN).
R. meliloti strains were tested in alfalfa nodulation assays on nitrogen free Jensen's
medium as described (Leigh et al., 1985). Alfalfa seedlings were inoculated with
water, Rm1021, Rm7031 (an exoA derivative of Rm1021), Rm9600 or Rm9601.
Plants were grown in a constant temperature room at 210 C with a 14 hour light
cycle. Observations were made weekly for a minimum of six weeks. The presence
of pink cylindrical nodules on healthy dark green plants was taken as evidence that
nitrogen fixation was occurring. Plants lacking nodules or with ineffective nodules
were stunted and chlorotic.
RESULTS
Isolation of R. meliloti cosmids which complement an A. eutrophus phbC mutation
To clone the R. meliloti strain Rm1021 phbC gene, we took advantage of a powerful
screen for PHB production in Alcaligenes eutrophus. A. eutrophus will produce
approximately 70-80% of its dry weight as PHB when grown under conditions of
excess carbon and limitation for another nutrient (for example, nitrogen, sulfur or
oxygen) (Anderson and Dawes, 1990; Schlegel and Steinbiichel, 1991). Under these
conditions, colonies which produce PHB are opaque and white, whereas those
which fail to produce PHB are translucent. This difference is clearly detected by eye.
We mated an R. meliloti genomic library into A. eutrophus strain PHB#2, which
carries a Tn5 insertion in the phbC gene encoding PHB synthase (Peoples and
Sinskey, 1989b). Approximately 0.1% of the transconjugants produced opaque white
colonies, and had the same colony morphology as wild type A. eutrophus grown on
the same medium. This morphology suggested that the transconjugants are
producing PHB. We selected twenty-five white colonies from five independent
matings for further study.
We determined that the opaque white colony morphology was due to the
presence of the cosmid by mating each cosmid into E. coli C2110 and back into a
fresh background of A. eutrophus phbC. Each of the twenty-five cosmids conferred
the opaque white colony morphology to A. eutrophus phbC grown on MM1
fructose, while an isogenic strain harboring pLAFR1 produced translucent colonies.
Isolation of PHB from A. eutrophus phbC harboring R. meliloti genomic clones
To ascertain whether the colony morphology was due to production of PHB or some
other substance, we performed assays for PHB production. Results from a typical
assay are shown in Figure 2-2A. Cultures were grown to saturation in rich medium,
then split for assay of protein and PHB. Material which is insoluble in bleach, water,
acetone and ethanol but soluble in chloroform could be isolated from wild type
A. eutrophus or A. eutrophus phbC strains harboring one of the R. meliloti
genomic clones identified in this study, but not from A. eutrophus phbC harboring
the vector pLAFR1. Moreover, this material has the same spectrophotometric
properties as PHB, with a peak absorbance at 235 nm. Therefore, we concluded that
the strains were producing PHB and that the R. meliloti genomic clones carried a
gene or genes conferring PHB synthase activity. The levels of PHB production
detected in A. eutrophus phbC harboring an R. meliloti genomic clone (0.8 mg
PHB/mg protein) were lower than the levels of PHB produced by wild type
A. eutrophus (2.5 mg PHB/mg protein).
R. meliloti PHB Synthase activity is encoded on a 3.7 kb EcoRI fragment
The 25 cosmids which confer PHB synthase activity on the A. eutrophus PHB- strain
can be grouped into 8 distinct restriction patterns after digestion with EcoRI. The
eight classes of cosmids appear to contain overlapping regions of the R. meliloti
genome because many restriction fragments are present in several plasmids (Figure
2-3). One cosmid was chosen from each class; these eight cosmids were designated
pLW111-1 through pLW111-8. The only EcoRI fragment present in each of the 25
cosmids was a 3.7 kb EcoRI fragment, which suggested that this fragment could be
sufficient for conferring PHB synthase activity.
This hypothesis was confirmed when we used the screen for PHB production in
A. eutrophus phbC to identify a smaller complementing region of DNA. In separate
reactions, cosmid pLW111-2 was digested with either EcoRI or BamHI, religated and
transformed into DH5x competent cells. The transformants were mated with
A. eutrophus phbC and transconjugants selected on MM1 fructose containing the
appropriate antibiotics. A small percentage of the transconjugants carrying the
cosmids which had been treated with EcoRI and religated exhibited the opaque
white colony morphology associated with PHB production. No opaque white
colonies were seen in the transconjugants carrying the cosmids which had been
digested with BamHI and religated. We picked 4 PHB-producing strains and mated
the cosmids they were carrying into E. coli C2110. Restriction analysis revealed that
each of the cosmids that was able to direct PHB production contained a 3.7 kb EcoRI
fragment ligated into the pLAFR1 backbone. One of these cosmids, designated
pPHB6, was chosen for further study.
Sequence of R. meliloti phbC
The R. meliloti phbC gene was subjected to DNA sequencing. We constructed
subclones of the 3.7 kb region to facilitate sequencing from the HindIII and BamHI
sites. The 3648 nt sequence contained one open reading frame of 611 amino acids
flanked by two truncated open reading frames, illustrated in Figure 2-4. The
complete nucleotide sequence and deduced translations are shown in Figure 2-5.
The central open reading frame (nt 1336-3171) is highly homologous at both the
nucleotide and deduced peptide level to PHB polymerases catalogued in the
databases maintained by the National Center for Biotechnology Information, and
thus we have named the locus phbC. The strongest homology is with the phbC
gene of R. meliloti strain 41 (Tombolini et al., 1995). The phbC region sequences
reported for these two strains overlap for 2518 nt. Of the 45 nucleotide changes, two
thirds (30) fall within the presumed phbC coding region. Most (24) of these occur at
the third position within a codon, leading to only 5 amino acid differences.
Although the sequences around the start site are identical, Rm41 has been
hypothesized to use a downstream start site (nt 1438) for an open reading frame 34
amino acids shorter than the one we have predicted for Rm1021. The sequence data
seem to support the choice of the upstream start site. The longer open reading
frame maximizes homology with previously cloned PHB polymerases. For
example, 11 of the 34 N-terminal amino acids of the Rm1021 PhbC sequence are
conserved in the Rhizobium etli PHA polymerase. In addition, the start codon at nt
1336 is preceded by a strong ribosome binding site (GGAGGA) at -12 to -7.
The R. meliloti Rm1021 PhbC deduced protein has 72% identity and 85%
similarity with the PhaC deduced protein of Rhizobium etli, and 58% identity and
73% similarity with the PhbC deduced protein of Methylobacterium extorquens.
R. meliloti PhbC includes the motif shown for the A. eutrophus enzyme to be the
site of phosphopantetheine modification (Gerngross et al., 1994). An alignment of
R. meliloti Rm1021 PhbC with other PHA polymerase proteins is shown in Figure
2-6.
Upstream of the phbC open reading frame is a copy of the Rhizobium-specific
intergenic mosaic element RIME1. The presence of RIME1 upstream of R. meliloti
strain 41 phbC was noted when this 110 nt element was first reported (Osteras et al.,
1995). RIME1 contains two large inverted repeats and is discussed in more detail in
Chapter 4.
As mentioned above, the sequence reported here contains two truncated open
reading frames. In contrast to A. eutrophus, where the genes encoding the
~-ketothiolase (phbA) and acetoacetyl-CoA reductase (phbB) activities are adjacent to
the gene encoding PHB polymerase, forming the operon phbCAB, the open reading
frames adjacent to R. meliloti phbC are not predicted to be involved in PHB
biosynthesis. The divergently transcribed locus 5' to phbC is truncated by the EcoRI
site at 237 amino acids. The translation of this partial ORF is homologous to
proteins which, based on homology with biochemically characterized proteins and
the presence of a conserved binding site for the cofactor pyridoxal phosphate, have
been classified as aspartate aminotransferases (Sung et al., 1991). Although the
R. meliloti 5' locus is truncated prior to the expected location of the binding site, the
N-terminal homology is strong enough to classify this deduced protein as a member
of Class I of pyridoxal-phosphate-dependent aminotransferases. The strongest
homology is observed to the deduced peptide of E coli ORF f412, which is 51%
identical and 69% similar.
Aspartate aminotransferase activity has been studied in R. meliloti, and the
major isozyme, encoded by aatA, is required for symbiotic nitrogen fixation
(Rastogi and Watson, 1991). A second isozyme, which is not required for nitrogen
fixation, is encoded by aatB (Alfano and Kahn, 1993). The deduced peptide of the
locus 5' to R. meliloti phbC exhibits some homology with AatA (28% identity/50%
similarity) and AatB (27% identity/46% similarity), but much less than that
observed with E. coli F412. The locus 5' to phbC may represent another aspartate
aminotransferase, or may have different substrate specificity. Other proteins
known to belong to this class include tyrosine aminotransferase and aromatic
aminotransferase (Sung et al., 1991). To reflect the homology with aspartate
aminotransferases while differentiating it from aatA and aatB, we have
provisionally named this locus aatC. An alignment of AatC with R. meliloti AatA
and E. coli F412 is presented in Figure 2-7.
Downstream of and transcribed in the same direction as phbC is a second
truncated open reading frame whose 148 aa deduced peptide is 46% identical and
64% similar to the N-terminus of E. coli Sfsl (Figure 2-8). The C-terminal domain of
Sfsl contains a putative helix-turn-helix DNA binding motif at amino acids 201-220,
and Sfsl is thought to be a regulatory factor involved in sugar fermentation
stimulation (Kawamukai et al., 1991). The R. meliloti sequence reported here ends
at amino acid 148, upstream of the location of the DNA binding motif in the
homologous protein. We have provisionally named this locus sfsl.
Construction of insertions in the R. meliloti phbC gene
The 3.7 kb EcoRI fragment containing the R. meliloti phbC gene was subcloned into
the broad host range vector pSW213, to produce pLW119. We constructed a
restriction map of the 3.7 kb insert (Figure 2-4A) and chose to make mutations at the
two BamHI sites and the unique HindIII site of pLW119 using the
kanamycin/neomycin resistance cassette of miniTn5Km. The first construct,
pLW150, carries an internal deletion/substitution mutation at the two BamHI sites.
The second construct, pLW152, carries an insertion mutation at the HindIII site.
These plasmids (Figure 2-4B) were used to disrupt the R. meliloti genome and the
resulting phbC strains were designated Rm9600 and Rm9601.
R. meliloti strains lacking phbC function do not produce PHB
PHB production was assayed in R. meliloti strains, using A. eutrophus wild type and
phbC as controls. As reported above, no PHB production was detected in Rm1021
cultures grown to saturation in rich LB medium (see Figure 2-2A). PHB production
was detectable in Rm1021 cultures grown in MM1 fructose medium, and these
conditions were adopted for assay of PHB production in R. meliloti. No PHB
production was detected in R. meliloti strains Rm9600 and Rm9601 (Figure 2-2B),
indicating that the phbC locus disrupted in these mutants is required for the
synthesis of PHB by Rm1021.
R. meliloti phbC mutant strains are Fix+
To address the question of whether PHB production is required for effective
symbiosis between M. sativa and derivatives of R. meliloti Rm1021, we performed
plant inoculation experiments. Alfalfa seedlings were inoculated with R. meliloti
phbC strains Rm9600, Rm9601 and the appropriate controls. Nodules formed on
plants inoculated with Rm9600 or Rm9601 developed with the same timing and
appearance as those formed on plants inoculated with wild type bacteria. Our
finding that phbC strains derived from R. meliloti strain Rm1021 are able to induce
nitrogen-fixing nodules on alfalfa is consistent with the finding that PHB non-
producing mutants of Rm41 are symbiotically effective (Povolo et al., 1994). These
two strains utilize different polysaccharides to facilitate invasion of alfalfa, but
neither requires PHB synthase activity for biological nitrogen fixation.
The R. meliloti phbC locus maps to the first symbiotic megaplasmid
R. meliloti contains three large replicons: the chromosome and two symbiotic
megaplasmids (Sobral et al., 1991). The phbC locus was mapped to one of these
replicons by the method of Finan et al. (Finan et al., 1985). Genomic DNA was
prepared from Rm1021, Rm9601 and Agrobacterium tumefaciens strains cured of
their Ti plasmids and carrying one or neither of the R. meliloti megaplasmids. The
genomic DNA was digested with EcoRI, subjected to electrophoresis and transferred
to a Gene Screen Plus membrane. The DNA was probed with the 1.2 kb BamHI
fragment of pLW113 containing most of the R. meliloti phbC gene. The probe
hybridized to a band of 3.7 kb in the lanes carrying DNA from Rm1021 and the
A. tumefaciens strain harboring pRmeSU47a, and hybridized to a band
approximately 2 kb larger in the lane with DNA from phbC mutant Rm9601. These
results indicate that the phbC locus maps to pRmeSU47a and confirm the
construction of the insertion mutation. They also show that A. tumefaciens does
not contain a chromosomally encoded phbC homologue that hybridizes to
R. meliloti phbC under the stringency conditions used.
To determine whether phbC maps near the nod-nif region of pRmeSU47a, we
used the deletion mapping strains constructed by Truchet et al. (Truchet et al., 1985).
These strains contain overlapping deletions covering more than 360 kb surrounding
the nod-nif region. If an insertion maps to a region which is deleted in the mapping
strain, one will be unable to transduce a drug resistance marker from the locus of
interest to the mapping strain. The kanamycin resistance marker from Rm9601 was
transducible into the deletion mapping strains and their isogenic parent at a similar
frequency, indicating that the phbC locus does not map to the region defined by
these deletions.
DISCUSSION
In this work, we report the isolation of phbC, the gene encoding PHB synthase, from
R. meliloti strain Rm1021. The phbC gene has also been characterized in R. meliloti
isolate Rm41. These two strains are distinctly different, and we wanted to learn
whether Rm1021, which has been studied in greater detail than Rm41, encoded a
PHB synthase which resembles that of Rm41. Although Rm41 and Rm1021 use
dissimilar surface polysaccharides to permit the invasion of indeterminate alfalfa
nodules, we found that the phbC genes of the two strains are very similar.
Two independent strategies were used to clone the PHB synthase genes from
Rm1021 and Rm41. In our work, a cosmid carrying the phbC gene of Rm1021 was
isolated by heterologous complementation of an Alcaligenes eutrophus phbC
mutation. After identification of a smaller complementing fragment, defined
disruptions were constructed and recombined into the R. meliloti genome. These
insertions eliminate the ability of the resultant strains to produce PHB, but do not
affect the ability of the strain to form nitrogen fixing nodules in association with
alfalfa.
Instead of heterologous complementation, a direct screen was employed to
identify mutants of Rm41 unable to produce PHB. Povolo et al. performed random
Tn5 mutagenesis of R. meliloti strain 41 (Povolo et al., 1994). Their initial strategy
was to replica plate mutagenized cells and screen with Sudan Black B, a lipophilic
dye which stains PHB (Burdon, 1946; Schlegel and Steinbuchel, 1991). They found
this method to be inefficient, perhaps because exopolysaccharides produced by wild
type R. meliloti exclude Sudan Black B from the cell (L. B. Willis and G. C. Walker,
unpublished results). Therefore, they screened approximately 1000 mutants by gas
chromatography and identified four strains which did not produce PHB. They
demonstrated by electron microscopy that the mutants did not contain PHB
granules. The PHB- mutants were able to induce effective nodules on Medicago
sativa.
Taken together, the Rm1021 and Rm41 phbC results show decisively that PHB
production is not required for effective nodulation of Medicago sativa by R. meliloti.
Both of these examples involve indeterminate nodules, in which PHB granules
disappear during the normal course of bacteroid development.
Bacteroids in determinate nodules, such as those formed in the interaction
between Rhizobium etli and bean, accumulate PHB during symbiosis, and a PHB
synthase defect leads to a more dramatic effect in this interaction. Cevallos et al.
reported the isolation of a phaC mutant of Rhizobium etli, a symbiont of Phaseolus
vulgaris (bean) (Cevallos et al., 1996). The PHA synthase mutant grew poorly on
pyruvate or glucose as carbon sources and excreted metabolites, including
1-hydroxybutyrate, into the growth medium. They showed that, in contrast to the
wild type strain, the phaC mutants do not accumulate PHB during symbiosis with
bean. Far from abolishing nitrogen fixation, this mutation led to increased activity
of nitrogenase and a delay in nodule senescence. This result seems to confirm early
models that the efficiency of nitrogenase decreased when high levels of PHB are
present (Romanov et al., 1974; Tombolini and Nuti, 1989). Although the mutation
offers an advantage during symbiosis, the pleiotropic effects may reduce
competitiveness of the free-living bacteria in the rhizosphere.
The result that an R. etli phbC strain exhibits higher levels of nitrogenase and an
extended period of nitrogen fixation (Cevallos et al., 1996) suggests that increasing
PHB production in R. meliloti could be detrimental to the symbiotic process. The
authors reported (Cevallos et al., 1996) that such an experiment was in progress, but
no formal report has been made of the results.
The phbC gene of R. meliloti strain Rm1021 is located on pRmeSU47a, the
smaller of two megaplasmids found in this strain. It is worth noting that the open
reading frames adjacent to phbC are neither phbA nor phbB. In Alcaligenes
eutrophus, the genes encoding biosynthetic P-ketothiolase and the NADPH-
dependent acetoacyl-CoA reductase are located directly downstream of the PHB
synthase gene, forming the operon phbCAB (Schubert et al., 1988; Peoples and
Sinskey, 1989b; Peoples and Sinskey, 1989c). This pattern is often, but not always,
found in other strains of bacteria. For example, Pseudomonas olerovorans
(Huisman et al., 1991) and P. aueriginosa (Timm and Steinbichel, 1992) each carry
two PHA synthase genes in an operon with PHA depolymerase genes. In Zooglea
ramigera, the PHB synthase gene does not map near the thiolase and reductase
genes (Peoples et al., 1987; Peoples and Sinskey, 1989a). The PHB synthase gene of
Thiocystis violacea is transcribed divergently from the thiolase gene. Although
Tombolini et al. have reported the sequence of the phaA and phaB genes of
R. meliloti strain Rm41 (Tombolini et al., 1995), no information was submitted
about where these loci map with respect to phbC or the three R. meliloti replicons.
It is interesting that the genetic organization at the R. meliloti phbC locus, aatC
phbC sfsl, is partially conserved at the phbC locus in Methylobacterium extorquens.
The ORF2 locus upstream of M. extorquens phbC is homologous to R. meliloti aatC,
and has also been classified as a putative aspartate aminotransferase. The locus
downstream of M. extorquens phbC (ORF1) is not closely related to sfsl, but encodes
a peptide with homology to RosB, a putative regulator of O-antigen expression from
Yersinia enterocolitica (Zhang et al., 1997) and may therefore be involved in
regulation. RosB, ORF1 and Sfsl all contain putative DNA binding domains. It
would be interesting to learn whether the R. meliloti locus sfsl is cotranscribed with
phbC and to learn both what controls its expression and whether it is a regulatory
locus.
PHB production in R. meliloti appears to be regulated in the free-living state. In
the work reported here, no PHB production was detected when wild type R. meliloti
was grown to saturation in LB. In order to detect production of PHB by R. meliloti
strains, we used the nitrogen limiting medium MM1 (Peoples and Sinskey, 1989b).
Encarnacion et al. (Encarnacion et al., 1993) found that after R. meliloti was
subcultured in minimal medium, it underwent unbalanced growth. This
phenomenon is characterized by excretion of organic and amino acids into the
medium, accumulation of PHB and, after several subcultures, reduction in and
cessation of growth. Addition of D-biotin and thiamine to the medium alleviated
the unbalanced growth.
A phbC::lacZ fusion could be employed to identify genes involved in the
regulation of phbC expression in the free living state. After establishing conditions
under which lacZ expression is seen in free living cells, a phbC::lacZ strain would be
subjected to chemical or transposon mutagenesis. Transposon mutagenesis could
involve transduction of random Tn5 insertions into a phbC::lacZ strain, replica
plating and screening for altered levels of P-galactosidase activity.
The precise timing of the disappearance of PHB granules during bacteroid
development, and the fact that the granules remain inside senescent bacA
symbiosomes, suggests the disappearance of PHB granules is also regulated in
planta. It is possible that the phbC gene is downregulated after release from the
infection thread, that expression or activity of an intracellular PHB depolymerase is
increased, or that the substrate concentrations inside the symbiosome favor PHB
degradation and not accumulation. Analysis of the expression of a phbC::lacZ
fusion in planta could shed light on these questions.
Table 2-1. Bacterial strains and plasmids
Strain or plasmid Relevant characteristics Source or reference
meliloti
SU47 str-21 (Sm R)
RCR2011 - SU47
RCR2011 derivative with pRmeSU47a
RCR2011 derivative with pRmeSU47a
RCR2011 derivative with pRmeSU47a
RCR2011 derivative with pRmeSU47a
Rm1021 phbC150
Rm1021 phbC152
deletion
deletion
deletion
deletion
F. Ausubel
(Truchet et al.,
(Truchet et al.,
(Truchet et al.,
(Truchet et al.,
(Truchet et al.,
this work
this work
1985)
1985)
1985)
1985)
1985)
Strain
Rhizobium
Rm1021
RCR2011
GMI255
GMI766
GMI956
GMI963
Rm9600
Rm9601
Alcaligenes
H16
PHB#2
wild type, Sm s
H16 phbC::Tn5
Agrobacterium tumefaciens
At123 GMI9023 = GMI9050 cured of pAtC58. SmR,
RifampicinR
At125 GMI9023 pRmeSU47bn25007::Tn5-oriT
At128 GMI9023 pRmeSU47af230::Tn5-11
Escherichia coli
C2110
DH5 (
Plasmid
pBluescript SK+
pRK600
pLAFR1
pPH1JI
pSW213
pUTminiTn5Km
pLW111-1
pLW111-2
pPHB6
pLW119
pLW150
pLW152
polA, Nal R
standard cloning strain
phagemid vector, AmpR
pRK2013 npt::Tn9 CmR
TcR, Mobilizable RK2 cosmid
GmR, SpR, IncP
TCR, IncP broad host range vector
source of KmR/NmR cassette
Tc R derivative of pLAFR1 containing phbC locus
of R. meliloti
TcR derivative of pLAFR1 containing phbC locus
of R. meliloti
pLAFR1 containing 3.8 kb EcoRI fragment from
pLW111
pSW213 containing 3.8 kb EcoRI fragment from
pPHB6
pLW119 containing KmR/NmR cassette in place
of 1.2 kb BamHI fragment
pLW119 containing KmR/NmR cassette at
HindIII site
O. Peoples
0. Peoples
T. M. Finan
T. M. Finan
T. M. Finan
B. Staskawicz
Clontech
Stratagene
(Finan et al., 1984)
(Friedman et al., 1982)
(Beringer et al., 1978)
(Chen and Winans,
1991)
K. Timmis (de Lorenzo
et al., 1990)
this work
this work
this work
this work
this work
this work
eutrophus
H 3 C SCoA
thiolase
H 3 C SCoA
NADPH
reductase
I' NADP
CH 3 O
HO SCoA
IPHB polymerase
Figure 2-1.
PHB biosynthetic pathway in Alcaligenes eutrophus. Adapted from Peoples and
Sinskey (Peoples and Sinskey, 1989b).
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Figure 2-2.
(A) PHB production by A. eutrophus strains and wild type Rm1021 grown in LB
medium. Lane 1: wild type A. eutrophus. Lanes 2-4: A. eutrophus phbC harboring
no plasmid (lane 2), pLAFR1 (lane 3) or pLW111-1 (lane 4). Lane 5: R. meliloti
Rm1021.
(B) PHB production by R. meliloti strains grown in MM1 fructose medium. Lane 1:
Rm1021. Lane 2: Rm9600. Lane 3: Rm9601.
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Figure 2-3.
Illustration depicting the eight different restriction patterns of inserts from PHB+
cosmids identified in this study. The illustration was constructed using data
gathered from electrophoretic separation of EcoRI-digested cosmid DNA in 0.6%
agarose.
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Figure 2-4.
Genetic organization of the R. meliloti Rm1021 phbC region. (A) Restriction map
of the insert of pPHB6. The location and direction of transcription of aatC, phbC and
sfsl are indicated by open arrows. The position of RIME1 is shown. Restriction sites
shown are: EcoRI (E), BamHI (B), HindIII (H), XhoI (X).
(B) Derivatives of pPHB6 with disruptions in the R. meliloti phbC gene. Scale and
restriction sites are the same as in panel A. Downward triangles indicate insertion
of the kanamycin resistance marker from miniTn5Km. The R. meliloti DNA which
is deleted in pLW150 is indicated with a dashed line.
31 fS1aatC
Figure 2-5.
Nucleotide sequence of the phbC gene of R. meliloti strain Rm1021. The sequence
and deduced polypeptides for phbC and the truncated open reading frames aatC and
sfsl are shown. The presumed initiation codons are double underscored. An
alternative start codon for phbC is underscored. The sites of kanamycin resistance
cassette insertions are marked with downward arrows.
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EcoR I
GAATTCGACGGTCACATCGGTCGCACCCGGCACTTCCAGAACCGAAGGCGGCGGTGCGTCGTCGAAGTAGATCTCCGAATAGGCGAGATC 90
F E V T V D T A G P V E L V S P P P A D D F Y I E S Y A L D
CGACAGCACGATGATGTCGTGCTTCTTCGCAAAGGCGATGACATCCTTGTAGAAATCGAGCGTGGCGACCTGCGCCGTCGGATTGGACGG 180
S L V I I D H K K A F A I V D K Y F D L T A V 0 A T P N S P
GTAATTGAGGATCAGCGCCAGCGGCTTCGGGATCGAGTGCCGGACCGCACGTTCGAGCGGCGGGAAAAAGCTCTCGTCCGGCTCGACCGA 270
Y N L I L A L P K P I S H R V A R E L P P F F S E D P E V S
AATCGAGCGGATGACACCGCCTGCCATCAGGAATCCGAAGGCGTGGATCGGATAGGTCGGATTTGGGCAAAGGACCACGTCGCCGGGTGC 360
1 S R I V G G A M L F G F A H I P Y T P N P C L V V D G P A
GGTGATGGCCTGCGCCATGTTGGCGAAGCCTTCCTTGGAGCCGAGGGTCGCGACGACCTGCGTCTCGGGATTGAGCTTGACGCCGAAGCG 450
T I A 0 A M N A F G E K S G L T A V V Q T E P N L K V G F R
GCGTGCATAATAGGCGGCCTGCGCACGGCGCAGCCCGGGAATGCCCTTCGATGACGAATAACGATGCGTCCGCGGGTCCTGGACGACTTC 540
R A Y Y A A 0 A R R L G P I G K S S S Y R H T R P D 0 V V E
GCACAGCTTGTCCACGATGGACTGCGGGGTCCGAAGATCCGGATTGCCCATGCCGAGGTCGATGATGTCAGCACCGGCCGCTCGCGCGCT 630
C L K D V I S 0 P T R L D P N G M G L D I I D A G A A R A S
AGCTTTCAAACGGTTGACCTGTTCGAAAACGTAGGGCGGCAAACGCCGGACTTTATGAAACTCCTCCATCTCAGACCTCATTTGGCGCGC 720
A K L R N V 0 E F V Y P P L R R V K H F E E M E S R M aatC
GTCTTGCCAGCCCTTGGGCTCTTCGCTCGACATGCGCGGGTTGAACGGCCGCATCGCGGCCATTCAACGCTTTGCGGCCAAATCACGAGA 810
AAGGCAAGCGCTAATTCTCGATCTGTTTCAGCGTGTCG GC GTGTGCTCGGCCAGAAGCTGCAATTCCTTAAGGCGACGCTGATACTC 900
GGCTTCGGAGATCGCGCCGGACCGGCGCTGTCCGGCAAGTGCGGTCACCTGGCCCTGCATGTTCACCGCCTCCTCACTGGTCATCTGCTG 990
CATGGCGGCGGGCTTCTGACCGTAAACAGAGGGTAGGTGGCAAGGTCCGCCGTCGAGTTGCAGCCCGCGAGCACGCCTGCGAGAATCAGT 1080
GCGGACATCCAAGAAAGCGAACGCTGTTTTCCGACGGCAAGCATGCTGGCGATGACCTCTGTTTCTGCGGCGCGACGATGCGCTACAGCG 1170
CCGCGCGTCTCCTGGGACGCGCAAAGGTCGCTGTAGCACTTTGATCTGCTGCATGTTTTTGTCCTTCGACCGGCTACGATCAAGGGAACA 1260
TGCACTAGCCCTTGTAATCATTTTCGGGCAGAATGTAAAAATACAAAACAAACAAGATGCTGTGGAGGACGCCGQ-GACAGCAGAGAAG 1350
-
phbC M T A E K
BamH I
GCTGAGGGCGCTACGGGCTTTGCCGGCTTCGACCCGAAATCGGTCGAGCCTTACATCGTCAAGGATCCCGAAAGCCTGGCCATCAACATC 1440
A E G A T G F A G F D P K S V E P Y I V K D P E S L A I N M
GCTCGCGCGGCAGAGCAGCTCGGAAAAGCCGCTTCCGCATGGCTCGCCCCCCGCGAAGCGGGCGAGAAGACGGATAGTTTCGCCGAGCCG 1530
A R A A E 0 L G K A A S A W L A P R E A G E K T D S F A E P
GTCTCCGACATGGTCAAGACCCTCTCCAAGGTCTCGGAATACTGGCTCTCCGACCCCCGGCGGACACTCGAAGCCCAGACCCATCTTCTC 1620
V S D M V K T L S K V S E Y W L S D P R R T L E A 0 T H L L
GGCAGCTTCTTCGATATGTGGTCGCGGACACTCCAGCGCATGGCAGGCGACGCCGTGGAGGACCCGGCCAACCTTCAGCGCAACGACAAG 1710
G S F F D M W S R T L Q R M A G D A V E D P A N L Q R N D K
CGCTTCGCCGACGAAGACTGGGTGAAGAACCCGTTTTTCGATTTCATCCGCCAAGCCTACTTCGTCACCTCCGACTGGGCGAGCCCATC 1800
R F A D E D W V K N P F F D F I R 0 A Y F V T S D W A E R M
GTGAGGGACGCCGAGGGCCTTGATGATCATACCCGTCACAACGCGGCCTTCTACGTTCGCCAGATTGCCAGCGCTCTTTCCCCCACCAAC 1890
V R D A E G L D D H T R H K A A F Y V R 0 I A S A L S P T N
TTCATCACGACGAATCCGCAGCTCTATCGCGAGACCGTGGCGTCCAGCGGCGCCAATCTCGTGAAAGGCATGCAGATGCTGGCGGAAGAC 1980
F I T T N P Q L Y R E T V A S S G A N L V K G M 0 M L A E D
ATAGCCGCCGGGCGCGGCGAGCTTCGGCTCCGCCAGACGGACACCAGCAAGTTCGCCATCGGAGAGAACATCGCGATCACTCCGGGCAAG 2070
I A A G R G E L R L R 0 T D T S K F A I G E N I A I T P G K
GTGATCGCCCAGAACGATGTCTGCCAGGTGCTGCAATACGAGGCGAGTACCGAGACCGTGCTGAAGAGGCCGTTGCTCATTTGCCCGCCC 2160
V I A 0 N D V C 0 V L 0 Y E A S T E T V L K R P L L I C P P
TGGATCAACAAATTCTACGTGCTGGACCTCAACCCGGAGAAGTCCTTCATCAAATGGGCTGTCGACCAGGGTCAGACGGTCTTCGTCATC 2250
W I N K F Y V L D L N P E K S F I K W A V D 0 G 0 T V F V I
V
Hind III
TCCTGGGTAAACCCGGACGAACGCCATGCCTCCAAGGACTOOGAAGCTTATGCACGCGAAGGCATAGGCTTCGCGCTTGATATCATCGAG 2340
S W V N P D E R H A S K D W E A Y A R E G I G F A L D I I E
CAGGCAACCGGCGAGCGCGAAGTCAATTCCATCGGCTATTGCGTCGGCGGGACGCTGCTTGCCGCCACCCTGGCGCTCCATGCCGCCGAA 2430
0 A T G E R E V N S I G Y C V G G T L L A A T L A L H A A E
GGCGACGAACGCATTCGCTCCGCGACGCTCTTCACCACGCAGGTGGATTTCACCCACGCCGGCGATCTCAAGGTTTTCGTGGACGACGAC 2520
G D E R I R S A T L F T T 0 V D F T H A G D L K V F V D D D
Xhol
CAGAT-CCGCCACCTCGAGGCCAATATGAGCGCCACCGGCTACCTCGAAGGCTCGAAGATGGCGTCGGCCTTCAACATGCTCCGGGCTTCG 2610
0 I R H L E A N M S A T G Y L E G S K M A S A F N M L R A S
BamH I
GAACTGATCTGGCCCTATTTCGTCAACAATTACCTCAAGGGCCAGGATCCCCTGCCCTTCGACCTGCTTTACTGGAACTCCGATTCGACG 2700
E L I W P Y F V N N Y L K G 0 D P L P F D L L Y W N S D S T
CGGATGCCCGCGGCCAACCACTCTTTCTACCTGCGCAACTGCTATCTGGAGAACAGGCTCTCCAAGGGCGAGATGGTGCTGGCCGGCCGC 2790
R M P A A N H S F Y L R N C Y L E N R L S K G E M V L A G R
CGCGTATCCCTCGGCGACGTAAAGATTCCCATCTACAATCTCGCGACGAAGGAGGACCACATCGCGCCGGCAAAGTCGGTTTTCCTCGGC 2880
R V S L G D V K I P I Y N L A T K E D H I A P A K S V F L G
AGCAGCAGCTTCGGCGGCAAGGTGACCTTCGTGCTCTCCGGCTCCGGGCACATCGCCGGTGTCGTCAACCCTCCGGCCCGAAGCAAGTAT 2970
S S S F G G K V T F V L S G S G H I A G V V N P P A R S K Y
CAATACTGGACGGGAGGGGCGCCGAAGGGCGACATCGAGACCTGGATGGGTAAAGCGAAGGAGACGGCCGGGTCCTGGTGGCCGCATTGG 3060
0 Y W T G G A P K G D I E T W M G K A K E T A G S W W P H W
CAGGGTTGGGTCGAACGGCTCGACAAACGCAGGGTTCCGGCGCGGAAGGCCGGAGGTCCGCTCAATTCCATCGAGGAAGCGCCCGGCTCC 3150
0 G W V E R L D K R R V P A R K A G G P L N S I E E A P G S
TACGTGCGCGTGCGCGCCTGACCGCAACGACTGACCGCAGAGAGTTCAATCCCCTTGAATTTCCCTCGCCCGCTCGTACCTGCGACGCTT 3240
Y V R V R A . sf M N F P R P L V P A T L
GTGCAGCGTTACAAGCGCTTCCTGTTCGACGCTATTCTGGCCGATGGAACGGCAATCACCGGTTCATGCCCGAATACCGGCTCGATGCGT 3330
V 0 R Y K R F L F D A I L A D G T A I T G S C P N T G S M R
GGCCTGACCATACCGGGCTCGCCGATCTGGCTCTCGGAACACGACAGCCCAACACGCAAGTATCGCCACATGCTGGAGATCGTCGAGGCG 3420
G L T I P G S P I W L S E H D S P T R K Y R H M L E I V E A
GACGGCACGCTGGTCGGCATCAACACCGGATTGCCGAACCGGATCGCCGAAGAGGCGATCATGGCCGGACAGOTGGOCAATCTCCACACC 3510
D G T L V G I N T G L P N R I A E E A I M A G 0 V G N L H T
TACGGCACGCTCCGGCGCGAGCAGAGATACGGCCGCAATTCGAGGATCGACATTCTGCTCAGCGATGCGGAAAAGGGCCTCGCCTATGTC 3600
Y G T L R R E 0 R Y G R N S R I D I L L S D A E K G L A Y V
EcoRI
GAGGTGAAGAACGTCCATTTCAGCCGCGTCCGCGGTCTCGCCGAATTC 3648
E V K N V H F S R V R G L A E F
Figure 2-6.
Alignment of the deduced peptides of R. meliloti strain Rm1021 PHB synthase with
the PHB synthase of R. meliloti strain Rm41 (g790554), the PHA synthase from
R. etli (g1209028), and the PHB synthase from M. extorquens (g349493). Protein
sequence accession numbers are indicated in parentheses. Conserved residues are
shaded with black.
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Figure 2-7.
Alignment of presumed aminotransferase deduced peptides E. coli ORF fz
(g1788722), R. meliloti AatC and R. meliloti AatA (g152149). Protein access
numbers are indicated in parentheses. Conserved residues are shaded with black.
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Figure 2-8.
Alignment of the N-termini of deduced peptides E. coli Sfsl (Accession number
P18273) and R. meliloti Sfsl. Identical residues are shaded with black.
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Chapter 3:
Identification of the Rhizobium meliloti alcohol dehydrogenase (adhA) gene and
heterologous expression in Alcaligenes eutrophus
ABSTRACT
Sucrose is the primary sugar transported in the phloem and the first carbon-
containing compound to be transported into the root nodules and symbiosome
organelles of nodulated leguminous plants. In order to identify Rhizobium meliloti
genes involved in sucrose uptake or hydrolysis, we mated a R. meliloti genomic
library into an Alcaligenes eutrophus strain defective in production of poly-3-
hydroxybutyrate and selected for growth on nitrogen limiting minimal medium
containing sucrose as a carbon source. Several cosmids were identified which
apparently contain overlapping regions of the R. meliloti genome and the locus or
loci responsible for the improved growth was mapped to a 2.5 kb region present in
all of the cosmids identified in the screen. Further analysis revealed that the locus
responsible for the growth improvement (adhA) is the first alcohol dehydrogenase
gene isolated from the Rhizobiaceae. R. meliloti adhA is expressed in A. eutrophus
under conditions where the native alcohol dehydrogenase activity is not observed.
A model is proposed to explain these findings.
INTRODUCTION
Sucrose is the main photosynthate transported to nitrogen fixing root nodules such
as those induced on Medicago sativa (alfalfa) roots by its symbiont, the soil
bacterium Rhizobium meliloti. Our interest was drawn to the possibility that genes
involved in sucrose metabolism may be required for or induced during the
symbiotic process. When nodulated leguminous plants are provided 14C0 2 for
photosynthesis, they incorporate the label and transport radiolabeled compounds to
the root nodules (Antoniw and Sprent, 1978; Reibach and Streeter, 1983). Sucrose is
the predominant photoassimilate transported in the phloem of most higher plants
(Giaquinta, 1983). The primary radiolabeled compound detected in nodule and
bacteroid fractions when nodulated lupin plants fix 14CO 2 is sucrose (Romanov et al.,
1985). The detection of high concentrations of sucrose in the bacteroid fraction
suggests sucrose is being transported across the symbiosome membrane and into the
bacteroids. Transport of sucrose in the infection thread has not been investigated.
Uptake and hydrolysis of sucrose have been detected biochemically in free living
R. meliloti. Martinez-de Drets et al. detected invertase activity in each of the 14
R. meliloti strains they tested (Martinez-de Drets et al., 1974). They also examined
64 strains of fast-and slow-growing rhizobia for evidence of the phosphoenol-
pyruvate:sugar phosphotransferase system (PTS). The PTS is one of the major
systems used by E. coli for importing sugars (Postma et al., 1993; Saier and Reizer,
1994). The first step in the PTS is transport of the sugar across the inner membrane
coupled with phosphorylation of the substrate. No sucrose phosphorylase activity
was detected in any of the strains tested by Martinez-de Drets et al., and they
concluded that rhizobia do not use the PTS for uptake and hydrolysis of sucrose
(Martinez-de Drets et al., 1974).
Glenn and Dilworth showed biochemically that R. meliloti SU47, the parent of
Rm1021, has invertase and sucrose uptake activities, both of which are inducible by
sucrose (Glenn and Dilworth, 1981). They demonstrated that disaccharide uptake is
an active process in R. meliloti, which is abolished by inhibitors of protein synthesis
and disrupters of proton motive force. No R. meliloti mutants have been reported
which fail to grow on sucrose while retaining the ability to grow on glucose, one
predicted phenotype of mutants defective in sucrose transport or hydrolysis.
The original aim of this study was to identify R. meliloti genes involved in
sucrose uptake and metabolism. We first explored the possibility of using the
indicator plates EMB and Maconkey in a screen for R. meliloti mutants unable to
utilize disaccharides, but found that the standard formulations of these media used
to detect sugar fermentation in E. coli are not useful for the detection of disaccharide
utilization by R. meliloti. We therefore chose a different strategy which involved
screening a R. meliloti genomic library for cosmids which permit a heterologous
strain to grow on sucrose. However, our preliminary experiments did not yield any
cosmids which allow an Escherichia coli strain to grow on sucrose. We then
selected the gram-negative soil organism Alcaligenes eutrophus as a host in which
to screen for R. meliloti genes involved in sucrose metabolism. A. eutrophus and
R. meliloti both have high G+C content, and we knew from previous work that it is
possible to express at least some R. meliloti genes in A. eutrophus (Chapter 2). The
screen was conducted under limiting nitrogen to mimic conditions in the infection
thread and pre-nitrogen fixation phase of symbiosis. An A. eutrophus phbC
mutant, which does not produce poly-3-hydroxybutyrate (PHB) was used as the host.
Use of this strain facilitated screening on sucrose and fructose plates because it
eliminated PHB-related size and morphology differences seen when wild type cells
are grown on the selective medium.
Characterization of cosmids which improved growth of A. eutrophus on
nitrogen limiting sucrose medium led to the unexpected identification of an
R. meliloti homologue of microbial alcohol dehydrogenase (adh) genes. The adhA
gene is the first alcohol dehydrogenase gene isolated from the Rhizobiaceae.
Further studies showed the R. meliloti adhA gene is expressed in the heterologous
strain under the experimental conditions and suggest a model for the observed
results.
MATERIALS AND METHODS
Strains and growth media
Strains and plasmids used in this paper are listed in Table 3-1. Bacterial strains were
routinely grown in LB medium (Maniatis et al., 1982), which was supplemented
with 2.5 mM MgSO 4 and 2.5 mM CaC12 in the case of R. meliloti. The defined
medium MM1 (Peoples and Sinskey, 1989b), containing 0.05% (NH4)2SO 4 and 0.5%
(w/v) fructose or 0.4% (w/v) filter sterilized sucrose, was used to assay growth of
A. eutrophus strains. The nitrogen rich medium MM1N uses the same
formulation as MM1 with the exception that the concentration of (NH4)2SO 4 is
increased to 0.2%. Antibiotics were used at the following concentrations: ampicillin
(Amp), 150 gg/ml; chloramphenicol (Cm), 20 gg/ml; gentamicin sulfate (Gm),
5 gg/ml for E. coli, 50 jig/ml for R. meliloti; kanamycin sulfate (Km), 50 gg/ml;
nalidixic acid (Nal), 50 gg/ml; neomycin sulfate (Nm), 200 gg/ml; tetracycline (Tc),
10 gg/ml.
Genetic techniques
Conjugal transfer of plasmids was accomplished in triparental matings using
pRK600 to provide transfer functions. Plasmid-borne insertions were recombined
into the R. meliloti genome via homogenotization as described, (Glazebrook and
Walker, 1991) using pPH1JI or pR751 as the incompatible IncP plasmid. Insertions
were then transduced using bacteriophage OM12 into strain Rm1021 to ensure a
clean genetic background. Southern hybridization was performed to check the
construction of each strain.
DNA manipulations
Plasmid and cosmid DNA was isolated from overnight cultures of E. coli by the
alkaline lysis method (Maniatis et al., 1982) or by purification over a Qiagen column.
DNA modifying enzymes were used according to the instructions of the supplier
(New England Biolabs, Beverly, MA or Takara, Japan). Gene Screen Plus
membranes (Dupont/NEN, Boston, MA) were used for Southern hybridization.
Radiolabeled DNA probes were prepared with the NEBlot random labeling kit (New
England Biolabs, Beverly, MA) and 32 P-a-dCTP from Dupont/NEN (Boston, MA) or
Amersham.
DNA Sequencing and analysis
The inserts of plasmids pLW121, pLW122 and pLW146 were sequenced from one or
both ends. Double stranded DNA template was subjected to fluorescently labeled
dideoxy termination reactions and run on an ABI Prism sequencing apparatus at the
MIT Biopolymers Laboratory. Contigs were prepared with Assembly Lign software
(Kodak/IBI). Database searches were performed using the BLAST programs
(Altschul et al., 1990; Gish and States, 1993) to search databases maintained by the
National Center for Biotechnology Information. Alignments of peptide sequences
were performed using the GCG software package (Genetics Computer Group, 1991).
The DNA sequence reported in this chapter has been deposited in GenBank and
assigned the accession AF031940.
Isolation of cosmids which improve the growth of A. eutrophus phbC on sucrose
An R. meliloti genomic library in pLAFR1 (Friedman et al., 1982) was mated into
A. eutrophus PHB#2 (Peoples and Sinskey, 1989b), and transconjugants were
selected on MM1 plates containing 0.05% (NH4 )2SO 4, tetracycline, and 0.4% sucrose
as the sole carbon source. Strains carrying pLW120-1 through pLW120-8 produced
visible colonies after 4 days of incubation which grew to 3-4 mm in diameter after 11
days of incubation. A control strain carrying the vector pLAFR1 did not produce
visible colonies even after 11 days of incubation at 300 C, although translucent
microcolonies could be observed under magnification. All strains tested produced
4 mm colonies within 4 days on medium containing the permissive carbon source
fructose.
Construction of disruptions in the R. meliloti adhA gene and downstream region
The kanamycin/neomycin resistance cassette from miniTn5-Km (de Lorenzo et al.,
1990) was cloned into the BglII site of pLW140 to construct pLW141. pLW141 was
digested with KpnI and BamHI and the insert was cloned into pSW213 to construct
pLW142. In parallel, the kanamycin/neomycin resistance cassette from miniTn5-
Km (de Lorenzo et al., 1990) was cloned into the HindIII site of pLW123 and the
BamHI site of pLW123 to construct plasmids pLW127 and pLW129, respectively.
pLW142, pLW127 and pLW129 were each mated into Rm1021 and the drug marker
was recombined into the genome. To construct strains Rm9612, Rm9610, and
Rm9611, QM12 was employed to transduce the homogenotized antibiotic resistance
marker into Rm1021 to ensure a clean genetic background. The location of each
insertion was confirmed by Southern hybridization.
Mapping the adhA locus
The adhA locus was mapped to one of the three R. meliloti replicons using the
method of Finan et al. (Finan et al., 1986). Genomic DNA from Rm1021 and
Agrobacterium tumefaciens strains At123, At125 and At128 was digested with EcoRI,
subjected to electrophoresis in a 0.6% agarose gel, transferred to a Gene Screen Plus
membrane and probed with the insert from pLW146, which contains the entire
R. meliloti adhA gene. Additional mapping was performed by transduction of the
KmR/NmR marker from Rm9612 into the pRmeSU47a deletion strains GMI255,
GMI766, GMI956, GMI963 and their parent RCR2011.
Assays for alcohol dehydrogenase activity in vivo
Alcohol dehydrogenase activity was detected in vivo on solid medium using
Tetrazolium plates. The medium was formulated as described and supplemented
with 0.5% ethanol and 0.001% 2,3,5-triphenyl tetrazolium chloride (Dowds et al.,
1988). Bacterial strains were scored as positive for alcohol dehydrogenase activity if
they formed dark red colonies on the Tetrazolium indicator plates but unpigmented
colonies on Tetrazolium plates made without the ethanol substrate.
Detection of alcohol dehydrogenase activity in electrophoretic gels
Crude lysates were prepared from bacterial strains which were grown to saturation
in LB medium. Cells were pelleted and resuspended in 1 ml of 0.1 M phosphate
buffer pH 6.0 for every 50 ml of culture. Cells were lysed by sonication, and the
cellular debris was removed by centrifugation in a tabletop microcentrifuge. Protein
concentration was determined by the method of Bradford (Bradford, 1976) using a
commercially available reagent (Bio-Rad) and bovine serum albumin (New England
Biolabs) as a standard, and approximately 1 mg of protein was loaded onto 7.5% non-
denaturing polyacrylamide gels. Gels were run at 4' C, typically at 12 mA until the
dye front reached the bottom of the gel. Staining for alcohol dehydrogenase activity
was accomplished by flooding a gel in a solution containing 50 ml 0.05 M Tris-HC1
pH 8.5, 2 ml ethanol, 40 mg NAD, 10 mg Nitro Blue Tetrazolium (NBT) and 1 mg
phenazine methosulfate (PMS) (Manchenko, 1994). The gel was then incubated at
37 0C in the dark until dark bands appeared, rinsed in water and photographed.
Bands which were present in gels incubated with alcohol but absent in gels
incubated without alcohol were deemed to represent alcohol dehydrogenase
activity.
Plant inoculation assays
Medicago sativa cv. Iroquois was obtained from Agway (Plymouth, IN). R. meliloti
strains were tested for the ability to nodulate alfalfa on nitrogen-free Jensen's
medium as described (Leigh et al., 1985). Plants were grown in a constant
temperature room at 210C with a 14 hour light cycle. Observations were made
weekly for at least six weeks. The presence of pink, cylindrical nodules on dark
green healthy plants was taken as evidence that nitrogen fixation was occurring.
Plants with ineffective nodules were stunted and chlorotic.
RESULTS
Isolation and characterization of cosmids carrying R. meliloti DNA that confer
improved growth of A. eutrophus on sucrose medium.
We used Alcaligenes eutrophus, which is unable to utilize sucrose, as a tool to
identify R. meliloti genes encoding sucrose utilization functions. An R. meliloti
genomic library was mated into A. eutrophus phbC and transconjugants were
selected on nitrogen limiting minimal medium (MM1) containing sucrose as the
sole carbon source. Transconjugants were compared with an isogenic strain
harboring pLAFR1 and scored for growth on the selective medium after four days.
Fewer than 0.1% of transconjugants grew on the sucrose plates. Twenty-six cosmids
isolated from three separate matings were selected for further study.
Each of these cosmids was mated into E. coli C2110 and then mated back into
A. eutrophus phbC. Transconjugants were selected on the MM1 containing fructose
and subsequently tested for their ability to grow on MM1 sucrose. Although all of
the cosmids identified in the screen conferred a marked growth improvement to
A. eutrophus phbC which was not seen in the strain harboring pLAFR1, none of the
cosmids identified in this screen permitted A. eutrophus phbC to grow as well on
sucrose as it does on fructose, the preferred carbon source. Growth was judged by
colony size on solid medium. When grown on MM1 fructose plates, A. eutrophus
phbC harboring pLAFR1 or any of the cosmids identified in the screen formed
colonies that grew to 4 mm in diameter after four days of incubation. Because
A. eutrophus cannot utilize sucrose, A. eutrophus phbC harboring pLAFR1 does
not form visible colonies on MM1 sucrose medium. However, because
A. eutrophus is a facultative chemolithotroph capable of using CO 2 as a carbon
source, A. eutrophus phbC carrying pLAFR1 forms microcolonies on MM1 sucrose
medium which are translucent and can only be seen upon examination of the plates
with a dissecting microscope. In contrast, A. eutrophus phbC carrying any of the
cosmids identified in this screen produced colonies which were clearly visible after
four days of incubation. These colonies would reach 3-4 mm in diameter if
incubation was continued for eleven days.
The cosmids identified in this screen each contain approximately 20 kb of
R. meliloti genomic DNA cloned into the EcoRI site of pLAFR1. Analysis of EcoRI
restriction digests showed that the 26 cosmids can be classified into eight different
restriction patterns. One cosmid from each of the eight restriction patterns was
chosen for further study, and these eight cosmids were designated pLW120-1
through pLW120-8. The complete physical map of the insert of pLW120-1 is shown
in Figure 3-1A. The eight cosmids appear to contain overlapping regions of the
R. meliloti genome because some restriction fragments are present in more than
one cosmid. Strikingly, two bands are present in each of the eight cosmids: 4.2 kb
and 1.7 kb EcoRI fragments.
The locus (loci) responsible for improved growth on sucrose maps to a 2.5 kb EcoRI-
HindIII region.
To identify which locus or loci were responsible for this phenotype, we tested DNA
subcloned from pLW120-1 for its ability to promote growth on sucrose. Since it
seemed likely the locus or loci would be found in the region conserved in all eight
cosmid patterns, the 4.2 and 1.7 kb EcoRI fragments from pLW120-1 were cloned
into pBluescript SK+ and subsequently subcloned into the broad host range vector
pSW213 to produce pLW123 and pLW124, respectively. As shown in Figure 3-1A,
neither the 4.2 kb nor the 1.7 kb EcoRI fragment is able to promote the growth of
A. eutrophus phbC on limiting nitrogen minimal medium containing sucrose as
the sole carbon source.
Restriction mapping and Southern hybridization (data not shown) revealed that
these two EcoRI fragments are adjacent to each other and overlap with a 4.6 kb
HindIII fragment from pLW120-2. The 4.6 kb HindIII fragment from pLW120-2 was
subcloned into pSW213 to produce pLW147. pLW147 was found to be able to confer
improved growth to A. eutrophus phbC under the experimental conditions. Based
on these observations, it seemed most likely that the locus (or loci) responsible for
the phenotype is located in the 2.5 kb region between the 5' EcoRI site of pLW124
and the 3' HindIII site of pLW147.
Identification of an open reading frame encoding alcohol dehydrogenase.
The 2.5 kb DNA sequence shown in Figure 3-2 contains two large open reading
frames. The first open reading frame consisted of 678 nucleotides and encoded a
deduced peptide of 226 amino acid residues. This deduced peptide shows only weak
homology to a hypothetical protein translated from an ORF of Mycobacterium
tuberculosis (Philipp et al., 1996) and we named the locus orfl. This locus is entirely
contained within pLW124, which is unable to promote improved growth on
sucrose. Therefore, this ORF was either unrelated to, or was not sufficient for, the
observed phenotype.
The second open reading frame overlaps the junction between the 1.7 kb and
4.2 kb EcoRI fragments. Because these two EcoRI fragments were present in all of
the cosmids identified in this study, and neither is able to promote the growth
advantage by itself, we focused our attentions on this open reading frame. This
open reading frame contained 1023 nucleotides and encoded a deduced protein of
341 amino acids which was determined to have high homology with previously
cloned microbial alcohol dehydrogenases, and we therefore named it adhA. Three
closely related alcohol dehydrogenase proteins from Bacillus stearothermophilus
have the highest homology with AdhA (Sakoda and Imanaka, 1992; Cannio et al.,
1994; Robinson et al., 1994). The deduced peptide AdhA is 74% similar and 56%
identical to Adh-T from B. stearothermophilus. An alignment of AdhA and Adh-T
is shown in Figure 3-3. R. meliloti AdhA deduced peptide shows homology with
many previously studied alcohol dehydrogenase proteins, including those of
Emericella nidulans and Schizosaccharomyces pombe (Russell and Hall, 1983). All
of these proteins are classified as long-chain zinc-containing enzymes, because the
deduced peptide chains contain approximately 350 amino acids, and some members
of the class (Ecklund et al., 1976) have been shown experimentally to contain zinc
ions.
Determination that the second open reading frame encoded alcohol
dehydrogenase prompted additional experiments. Alcohol dehydrogenase is not
predicted to be involved in sucrose transport or hydrolysis. To understand why this
locus provided a growth advantage to A. eutrophus phbC on nitrogen limiting
sucrose medium, we studied alcohol dehydrogenase activity in A. eutrophus in the
presence or absence of heterologous R. meliloti adhA, and tested whether
improved growth is observed under nitrogen rich conditions, or in a wild type
A. eutrophus strain H16 background.
R. meliloti adhA is expressed in A. eutrophus and has a different expression pattern
than the native alcohol dehydrogenase.
To examine alcohol dehydrogenase activity in vivo, strains were streaked on plates
containing 2,3,5-triphenyl tetrazolium chloride and ethanol (Dowds et al., 1988). On
this medium, Rm1021 produces colonies which are dark red from center to
perimeter. Colonies produced by both phbC and phbC+ A. eutrophus strains are
white on the perimeter but contain dark red centers. In contrast, A. eutrophus
phbC or phbC+ strains carrying pLW120-1 or pLW147 produce colonies which are
red from center to perimeter, while strains carrying pLAFR1 have the same
morphology as strains without a plasmid. This test shows that R. meliloti adhA is
expressed in A. eutrophus and has a different pattern of expression than the native
A. eutrophus alcohol dehydrogenase. These results are consistent with constitutive
expression of R. meliloti adhA in A. eutrophus, and expression of A. eutrophus
native alcohol dehydrogenase under low oxygen or anaerobic conditions.
R. meliloti adhA offers no growth advantage on sucrose to phbC + A. eutrophus
To determine the conditions under which pLW120-1 improves the growth of
A. eutrophus, we examined the effect of changing the genetic background or
nitrogen content of the medium. A. eutrophus strains carrying pLAFR1, pLW120-1
and pLW147 were constructed in both phbC and phbC+ backgrounds. These six
strains were streaked on MM1 and the nitrogen rich medium MM1N containing
sucrose as the sole carbon source. Plates were incubated at 30 0C for four to seven
days and scored for growth. As expected, pLAFR1 conferred no growth advantage
in either genetic background. pLW120-1 and pLW147 improved the growth of
A. eutrophus phbC on sucrose plates regardless of the concentration of nitrogen, but
provided no advantage to the phbC + strain. These data show that alcohol
dehydrogenase offers a growth advantage only in the PHB- background.
R. meliloti adhA does not permit growth on sucrose in highly aerated cultures
In order to determine the doubling time of A. eutrophus phbC strains harboring
pLW120-1 or pLAFR1 we monitored the cell density of liquid cultures grown at 30'C
on a roller drum. We inoculated MM1 sucrose Tc and MM1 fructose Tc liquid
cultures with washed cells of A. eutrophus phbC carrying pLAFR1 or pLW120-1 and
measured optical density at defined time points using a Klett meter. While the
MM1 fructose Tc cultures grew well and had a doubling time of approximately 4
hours, the cultures grown in MM1 sucrose Tc showed no growth even after 3 or
more days of incubation. This result shows that R. meliloti adhA does not promote
growth on sucrose in aerated cultures.
Strains carrying disruptions in the R. meliloti genome in and near adhA retain
alcohol dehydrogenase activity and are Fix+
In order to examine the phenotype of a R. meliloti adh mutant, we constructed
disruptions within and downstream of adhA as illustrated in Figure 3-1B and Figure
3-2, and then recombined these disruptions into the R. meliloti genome. Colonies
produced by these R. meliloti strains on Tetrazolium assay plates appear identical to
those produced by the wild type strain. To test whether adhA was required for
symbiosis, alfalfa plants were inoculated with Rm1021 derivatives containing
insertions either in the adhA gene or downstream of it. Like plants inoculated with
Rm1021, all of the plants inoculated with Rm1021 derivatives had dark green leaves
and pink nodules 28 days after inoculation, indicating that adhA function is not
required for the development of an effective symbiosis.
Detection of AdhA protein in polyacrylamide gels
Alcohol dehydrogenase activity in wild type and adhA strains of R. meliloti and
A. eutrophus phbC strains harboring pLAFR1 or pLW120-1 was examined
biochemically by staining proteins isolated from saturated cultures for alcohol
dehydrogenase activity in non-denaturing polyacrylamide gels (Figure 3-4). The
most prominent band of alcohol dehydrogenase activity seen in wild type
R. meliloti is missing in the lane containing protein from the adhA mutant,
strongly suggesting that this protein is encoded by the adhA gene. Significantly, a
very prominent protein band of the same mobility is seen in the lane containing
protein isolated from A. eutrophus harboring pLW120-1, but not an isogenic strain
carrying the vector pLAFR1. This observation argues strongly that the prominent
band is indeed encoded by adhA. In addition to AdhA, the protein isolated from
Rm1021 appears to contain two proteins with strong alcohol dehydrogenase activity,
and several minor bands. The additional bands of NAD-dependent ethanol
dehydrogenase activity suggest the existence of additional R. meliloti adh genes.
adhA maps to pRmeSU47a, the smaller of two megaplasmids
R. meliloti has three replicons, the chromosome and two megaplasmids of 1.4 and
1.7 Mb (Sobral et al., 1991). The adhA locus was mapped by Southern hybridization
using the method of Finan et al. (Finan et al., 1986). EcoRI-digested genomic DNA
from Rm1021 and Agrobacterium tumefaciens strains cured of the Ti plasmid and
carrying (a) R. meliloti megaplasmid pRmeSU47a, (b) R. meliloti megaplasmid
pRmeSU47b or (c) no megaplasmid was probed with radiolabeled pLW123 DNA,
which contains the C-terminal half of adhA. Strongly hybridizing bands of 4.2 kb
were observed in DNA isolated from Rm1021 and the A. tumefaciens strain carrying
pRmeSU47a, but not the other two A. tumefaciens strains, indicating that the locus
maps to pRmeSU47a. The fact that the A. tumefaciens strain cured of its Ti plasmid
does not hybridize to pLW123 insert under high stringency conditions shows that
this strain does not have a close homologue of R. meliloti adhA, despite the fact that
R. meliloti and A. tumefaciens are fairly closely related in evolutionary terms.
Additional mapping was performed by transduction. To determine whether the
adhA locus maps near the well characterized nod region of pRmeSU47a, the
kanamycin/neomycin resistance marker from Rm9612 was transduced into
R. meliloti strains carrying large deletions of the nod-nif region. The KmR/NmR
marker was successfully transduced into RCR2011 and the deletion strains GMI255,
GMI766, GMI956, and GMI963, indicating that the adhA locus does not lie within the
regions deleted in these strains.
DISCUSSION
Several classes of genes could have caused increased growth of A. eutrophus on
plates containing sucrose as a sole carbon source. Our original model suggested
genes involved in sucrose transport or hydrolysis would be identified in this screen.
Instead, the cosmids that were identified in a screen for loci that increase the growth
of A. eutrophus on nitrogen limited minimal medium with sucrose as a carbon
source encoded a R. meliloti homologue of long chain, zinc-containing alcohol
dehydrogenase (Adh) proteins.
R. meliloti possesses multiple Adh proteins
Our in vivo results from Tetrazolium assay plates show that an R. meliloti adhA
mutant retains alcohol dehydrogenase activity, and our in vitro results show that
R. meliloti produces three prominent proteins with alcohol dehydrogenase activity.
This suggests the presence of at least one additional adh gene. Bacteria and other
microbes often contain more than one gene encoding alcohol dehydrogenase (Reid
and Fewson, 1994). Our results are consistent with the report of Rigaud and
Trinchant, who visualized three isozymes of R. meliloti alcohol dehydrogenase
after starch electrophoresis (Rigaud and Trinchant, 1973). In mammals and plants,
different isoforms of Adh can have tissue-specific expression patterns. The low 02
concentration in the nodule, which is required for active nitrogenase, causes stress
to the plant cells in the nodule. Consequently, enzymes involved in fermentative
metabolism, including alcohol dehydrogenase, are stimulated. Alfalfa Adh activity
has been isolated and characterized, and is elevated in nodules compared to root
tissue (Irigoyen et al., 1992). It is possible that R. meliloti possesses adh genes which
are differentially expressed in the free-living and bacteroid states. R. meliloti Adh
activity has been detected in bacteroids and is elevated compared to the free-living
state (Irigoyen et al., 1992), but nothing is know about whether different genes are
responsible for Adh activity in free-living and microsymbiotic cells. Because of
these observations we were interested in whether adhA was involved in symbiosis.
However, R. meliloti strains carrying disruptions in the adhA gene are still able to
establish an effective symbiosis with alfalfa.
A model for the role of R. meliloti adhA in A. eutrophus metabolism
It is interesting that although R. meliloti adhA is not involved directly in sucrose
metabolism, we isolated it because it provides a growth advantage to a A. eutrophus
phbC strain grown on minimal medium under conditions of limiting nitrogen.
These conditions have been found to favor PHB production in wild type
A. eutrophus strains and to result in excretion of pyruvate into the medium in
strains deficient in biosynthesis of PHB (Steinbfichel and Schlegel, 1989). This
results in the acidification of the medium, which is detrimental to growth
(Steinbiichel and Schlegel, 1989).
Our tetrazolium assays demonstrate that adhA is expressed constitutively in
A. eutrophus, whereas A. eutrophus alcohol dehydrogenase activity is seen only in
the centers of colonies, consistent with the report that the native A. eutrophus
alcohol dehydrogenase is expressed under conditions of limiting oxygen (Jendrossek
et al., 1988). We propose that by converting acetaldehyde to ethanol, R. meliloti
AdhA provides a physiological benefit to A. eutrophus phbC under the conditions
tested by improving the conversion of pyruvate to acetaldehyde and thus
deacidifying the medium. AdhA may also provide a benefit by recycling NADH
back to NAD, permitting glycolysis to proceed in the anaerobic conditions within a
colony. Figure 3-5 diagrams the relevant steps in intermediary metabolism.
Because we could not grow A. eutrophus strains harboring pLW120-1 in minimal
liquid cultures containing sucrose as the sole carbon source, it was not possible to
assay for acidification of the medium nor accumulation of metabolic intermediates.
Wild type A. eutrophus grown under limiting nitrogen conditions does not
accumulate pyruvate and acetaldehyde, but instead proceeds with PHB synthesis.
Since there is no acidification of the medium, and NAD does not need to be
recycled, our model predicts that R. meliloti adhA will offer no growth advantage
to wild type A. eutrophus. This prediction was borne out by our experimental
findings.
No R. meliloti mutants defective in sucrose transport or hydrolysis have been
reported, which may indicate that there are redundant genes for this capacity, or
that such genes are absolutely required for growth. Although our initial screening
conditions produced unexpected results, it seemed that the approach could be useful
for identifying genes involved in sucrose metabolism. In subsequent experiments
(Chapter 4), we modified the screen and identified loci involved in R. meliloti
a-glucoside metabolism.
Table 3-1. Bacterial strains and plasmids
Strain or plasmid Relevant characteristics Source or reference
Strain
Rhizobium meliloti
Rm1021
Rm9610
Rm9611
Rm9612
RCR2011
GMI255
GMI766
GMI956
GMI963
Alcaligenes eutrophus
H16
PHB#2
SU47 str-21
Rm1021 with KmR insertion 127
Rm1021 with KmR insertion 129
Rm1021 adhA142
RCR2011 - SU47
RCR2011 derivative with pRmeSU47a
RCR2011 derivative with pRmeSU47a
RCR2011 derivative with pRmeSU47a
RCR2011 derivative with pRmeSU47a
deletion
deletion
deletion
deletion
wild type, Sm-
H16 phbC::Tn5
Agrobacterium tumefaciens
At123 GMI9023 -- GMI9050 cured of pAtC58 and pTi
At125
At128
Escherichia coli
DH5a
Plasmid
pRK600
pPH1JI
pR751
pLAFR1
pSW213
pBluescript SK+
pBluescript II KS+
pUTminiTn5Km
pLW120-1
pLW120-2
pLW121
pLW122
pLW123
pLW124
pLW127
pLW129
pLW140
pLW141
pLW142
pLW146
pLW147
GMI9023 pRmeSU47bQ25007::Tn5-oriT
GMI9023 pRmeSU47aQ30::Tn5-11
supE44 AlacU169(0t801acZAM15) hsdR17 recAl
endAl gyrA96 thi-1 relAl
pRK2013 npt::Tn9, CmR
IncP, GmR, SpR, CmR
IncP, TpR
IncP cloning vector, TCR
IncP broad host range vector, TcR
Derivative of pUC19 with fl(+) oriR
Derivative of pUC19 with fl(+) oriR
AmpR, KmR/NmR; source of KmR cassette
pLAFR1 clone carrying R. meliloti adhA
pLAFR1 clone carrying R. meliloti adhA
pBluescript SK+ with 4.2kb EcoRI fragment from
pLW120-1
pBluescript SK+ with 1.7kb EcoRI fragment from
pLW120-1
pSW213 with 4.2 kb EcoRI from pLW121
pSW213 with 1.7 kb EcoRI from pLW122
KmR cassette in HindIII site of pLW123
KmR cassette in BamHI site of pLW123
pBluescript II KS+ with 0.9 kb EcoRI-HindIII
fragment from pLW121
BamHI-cut KmR cassette in BglII site of pLW140
pSW213 with 3.1 kb BamHI-KpnI fragment from
pLW141
pBluescript KSII+ with 4.6 kb HindIII fragment
from pLW120-2
pSW213 with 4.6 kb HindIII from pLW146
(Meade et al., 1982)
this work
this work
this work
(Truchet et al., 1985)
(Truchet et al., 1985)
(Truchet et al., 1985)
(Truchet et al., 1985)
(Truchet et al., 1985)
(Peoples and Sinskey,
1989b)
(Peoples and Sinskey,
1989b)
(Rosenberg and Huguet,
1984)
(Finan et al., 1986)
(Finan et al., 1986)
Clontech
(Finan et al., 1986)
(Beringer et al., 1978)
(Meyer and Shapiro, 1980)
(Friedman et al., 1982)
(Chen and Winans, 1991)
Stratagene
Stratagene
(de Lorenzo et al.,
this work
this work
this work
1990)
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
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Figure 3-1.
(A) Restriction map of R. meliloti DNA present in pLW120-1, its derivatives and
pLW147. Horizontal lines below the restriction map represent sequences remaining
in subclones. The ability of a plasmid to promote growth of A. eutrophus phbC on
MM1 sucrose is indicated to the right of the plasmid name.
(B) Higher resolution restriction map of DNA from the subclones pLW147, pLW124
and pLW123. Vertical lines topped by triangles indicate the positions of antibiotic
resistance cassette insertions. The thick horizontal line marks the region that was
sequenced. The positions of orfl and adhA are shown. The positions of HindIII (H),
EcoRI (E), EcoRV (V), BglII (G), BamHI (B) and KpnI (K) restriction sites are shown.
Figure 3-2.
Nucleotide sequence of the HindIII-EcoRI region indicated in Figure 3-1B and
deduced amino acid sequence of orfl and adhA. Downward arrows indicate the sites
of KmR/NmR insertions described in the text and in Figure 3-1B.
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1 GAATTCGCGCGGACGCCCGACGCGGCGATGAGAGGTGCTTCCGAAGTTCATCTGGCGGCCTAATAGGAAACGATCATTTCCTATTAGGCC 90
91 GCGGAATTGATTTGGTCAACCCGCTCGCTTATCGACGTCGAGGTTAAGGCGGGCGGTGGTGAGGTTGGGAGCCGATAGGCGGTCGCCCAA 180
181 TCCATCGCCTGAGAAGCACCCTTCCTCCGTATTCTCTGGACGTGGTCGAAGCGGAGTTGGAGTGCTTGCCACAGAGGGCGCGGTTTGCTT 270
271 TCCTTGCTGCGTTTCAACTTGGGAAGAAACCAATGACGGTGCAGCGGCGGCGGCGGATCATAAAACGGCGGCGGAGTTCTGTTGGTCTGG 360
orfl M T V Q R R R R I I K R R R S S V G L A
361 CGCTTGTCGCTGCAATATCGTTCCTGGCGGGCATGACCGACGCCATAGGACTCATGTCCATCGGAGACTTCGTGTCCTTCATGAGCGGCA 450
L V A A I S F L A G M T D A I G L M S I G D F V S F M S G N
451 ACACGACTCGCGCGTCCGTCGCGCTCGTCCGGCGTGCCGCTCAAGGGTTGCTTCTCATCGGAGGGTTGGTCAGCTTCGTACTCGGGA 540
T T R A S V A L V Q G D A A Q G L L L I G G L V S F V L G N
541 ACGCCGCGGGAGTGATGATATCGATCCGGTTTAGACCGCAAGCCGCCTTGTTGTTTGTATCGGCTCTCCTCGCATGCGCCGCGTTGCAAG 630
A A G V M I S I R F R P Q A A L L F V S A L L A C A A L Q E
631 AAGGCCAACCAGAACTCCGTTTCGTTTCGCTCATTTTCGCCATGGGAGCGGTCAACGCCTCTGTCGAGCAGATCGAAGGTCTGCCGGTTG 720
G Q P E L R F V S L I F A M G A V N A S V E Q I E G L P V G
721 GTCTGACGTACGTCACGGGAGCACTCTCGCGGTTCGGCCGTGGACTCGGACGGTGGGCGATGGGCGTCCGCAACACGCAGTGGATCATTC 810
L T Y V T G A L S R F G R G L G R W A M G V R N T Q W I I Q
811 AGATCGTGCCGTGGCTCGGCATGTTTGCAGGAGCCATCATGGGCGCGGTCCTGGTGCGAGAAGCAGGGGATCTCGCTCTATGGGTGCCAT 900
I V P W L G M F A G A I M G A V L V R E A G D L A L W V P S
901 CGCTTGCCGCCCTGTTGCTTACTGCCGCAGCGTTCCAGATACCCCGCCGCTGGCAAAGTAGGTTCATCCAAAGTCGTTAGGGCGAACGTG 990
L A A L L L T A A A F Q I P R R W Q S R F I Q SR *
991 CCCGTGCTGTCCCTCTGCCACCCAAGTCAGGGTTGCCAGCCAGGTCGGGCGGGCCTGGTTTGTGCGGGCCGCCGTCTCACTTCTGAGACA 1080
1081 ACTTCCTCGTGAAAATGCCCTTCTTTGATGCCCGTCAAGGAACGCTGGCTCGCCCAGCCGCTAAGCTCCTGCTCGTTAGCGCTGCTCGAA 1170
1171 GGAGGTGCGCAATGCCGGCTCCGCCGGCGCCAACATCGAGCTTTGGAGGATATCGACATGACGATGACAGCCGCTGTGGTCCGAGAGTTC 1260
adhA M T M T A A V V R E F
1261 GGCAAGCCGCTTGTGATTGAGGAAGTTCCGGTTCCGCAGCCAGGACCCGGACAGGTCCTGATCAAATACGAGGCCACGGGCGTGTGTCAC 1350
G K P L V I E E V P V P Q P G P G Q V L I K Y E A T G V C H
1351 ACCGACCTGCATGCCGCCAAGGGCGACTGGCCAGTGAGACCCAATCCGCCCTTCATTCCCGGGCACGAGGGCGTTGGCTACGTTGCCAAG 1440
T D L H A A K G D W P V R P N P P F I P G H E G V G Y V A K
1441 CTCGGCGCCGAGGTCACGCGACTGAAGGAAGGGGACCGAGTCGGCGTGCCGTGGCTGCACACCGCCTGCGGATGCTGCACGCCATGCCGC 1530
L G A E V T R L K E G D R V G V P W L H T A C G C C T P C R
1531 ACCGGCTGGGAGACGCTCTGCGGCAGCCAGCAAAATACGGGCTACTCGGTTGACGGCACTTTTGCCCAATATGGCCTAGCTGATCCCGAT 1620
T G W E T L C G S Q Q N T G Y S V D G T F A Q Y G L A D P D
1621 TTCGTCGGGCGGCTGCCCGCCAGGCTGGAATTCGGACCGGCCGCTCCGGTGCTCTGTGCCGGCGTGACAGTCTACAAAGGCCTAAAGGAG 1710
F V G R L P A R L E F G P A A P V L C A G V T V Y K G L K E
1711 ACGGAGGTCAGACCCGGAGAATGGGTTCTCGTCTCCGGCATCGGCGGCCTGGGCCACATGGCCGTCCAATATGCCAAGGCCATGGGCATG 1800
T E V R P G E W V L V S G I G G L G H M A V Q Y A K A M G M
1801 CATGTCGCCGCAGCCGACATATTCCCCGACAAGCTCGCCCTTGCCGAGAAGCTCGGCGCCGATCTTGTTGTCGACGCGCGGGCGCCCGAC 1890
H V A A A D I F P D K L A L A E K L G A D L V V D A R A P D
1891 GCCGTTGAAGAGGTGCAGAGGCGAACAGGCGGCCTGCACGGCGCGCTGGTCACGGCAGTCTCGCCGAAGGCCATGGAACAGGCCTACAGC 1980
A V E E V Q R R T G G L H G A L V T A V S P K A M E Q A Y S
V142
1981 ATGCTGCGCTCGAAAGGTACGATGGCACTGGTCGGCCTGCCGCCCGGCCAGATCTGCCTGCCGGTGTTCGACACGGTGCTCAAGCGTATC 2070
M L R S K G T M A L V G L P P G Q I C L P V F D T V L K R I
2071 ACGGTACGCGGTTCGATCGTCGGCACCCGCCAGGATCTCGAGGAGGCATTGGAATTTGCGGAGAGGGCAAGGTCGCGGCCCACTTCTCA 2160
T V R G S I V G T R Q D L E E A L E F A G E G K V A A H F S
2161 TGGGACAAGATCGAGAACATCAACGCCATCTTCGAGCGCATGGAAGAAGGCAAGATCGACGGCCGTATCGTTCTCGATCTGAATGGTTGA 2250
W D K I E N I N A I F E R M E E G K I D G R I V L D L N G *
2251 GCCTTCGATACAGACGCGGTGTCGACGAGACTACCGCCTCGCGACCTATCCGGTCGACAGGCGGTAGTCTCACTTTTGGTCTAAGCGGCA 2340
2341 GCGCTATGAGTCGCGCGGGAGTGCCAGGCAAGGCCTGGATGTCAAGCTAGTTCACTCTCACGCCAGGTATGTAACAAGGAAGGGCGCAAA 2430
V127
2431 ACTTCGTCACTGGATTGACGATTTCCGGAGGAGCAGGCCGATCATCAAAGCTT 2483
AdhA 1 MTAAVVREFGKPLVIEEVPVPQPGPGQVLIKYEATGVCHTDLHAAKGDWP 50
I . IIl : I iii :. If . i. : i: i:: .. I il i -I ill
Adh-T 1 MKAAVVEQFKKPLQVKEVEKPKISYGEVLVRIKACGVCHTDLHAAHGDWP 50
51 VRPNPPFIPGHEGVGYVAKLGAEVTRLKEGDRVGVPWLHTACGCCTPCRT 100
i:I. 1:1i1111 :..:l:: ii: IIIII:III..i l II
51 VKPKLPLIPGHEGVGVIEEVGPGVTHLKVGDRVGIPWLYSACGHCDYCLS 100
101 GWETLCGSQQNTGYSVDGTFAQYGLADPDFVGRLPARLEFGPAAPVLCAG 150
101 GQETLCERQQNAGYSVDGGYAEYCRAAADYVVKIPDNLSFEEAAPIFCAG 150
151 VTVYKGLKETEVRPGEWVLVSGIGGLGHMAVQYAKAMGMHVAAADIFPDK 200
151 VTTYKALKVTGAKPGEWVAIYGIGGLGHVAVQYAKAMGLNVVAVDLGDEK 200
201 LALAEKLGADLVVDARAPDAVEEVQRRTGGLHGALVTAVSPKAMEQAYSM 250
i.ii..liiIII::: .II.: :. :.ii:(:.-l ii. I:1 I -
201 LELAKQLGADLVVNPKHDDAAQWIKEKVGGVHATVVTAVSKAAFESAYKS 250
251 LRSKGTMALVGLPPGQICLPVFDTVLKRITVRGSIVGTRQDLEEALEFAG 300
251 IRRGGACVLVGLPPEEIPIPIFDTVLNGVKIIGSIVGTRKDLQEALQFAA 300
301 EGKVAAHFSWDKIENINAIFERMEEGKIDGRIVLDLNG 338
301 EGKVKTIVEVQPLENINDVFDRMLKGQINGRVVLKVD. 337
Figure 3-3.
Alignment of R. meliloti AdhA and alcohol dehydrogenase protein Adh-T from
Bacillus stearothermophilus. Identical residues are indicated by a vertical line.
Conserved substitutions are indicated by a dot or colon. The alignment was
prepared using the GAP program of the Genetics Computing Group. Strongly
conserved substitutions are indicated by a colon (comparison value 0.50) and
weakly conserved substitutions are indicated by a dot (comparison 2 value 0.10).
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Figure 3-4
Alcohol dehydrogenase activity gel. Approximately 1 mg of protein from the indicated
strains was separated on a 7.5% non-denaturing polyacrylamide gel and then stained
for alcohol dehydrogenase activity. Lane 1: Rhizobiumrn meliloti wild type strain
Rm1021. Lane 2: R. meliloti adhA mutant strain Rm9612. Lane 3: Alcaligenes eutrophus
phbC harboring pLAFR1. Lane 4: A. eutrophus phbC harboring pLW120-1. The three
most prominent bands of alcohol dehydrogenase activity present in Lane 1 are indicat-
ed with horizontal lines.
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Figure 3-5.
Details of A. eutrophus metabolic pathways illustrating the proposed role of
R. meliloti adhA in improving the growth of A. eutrophus phbC on nitrogen
limiting sucrose medium. See text for details.
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Chapter 4
A novel Rhizobium meliloti operon encodes an a-glucosidase and a
periplasmic binding protein dependent transport system for a-glucosides
ABSTRACT
The most abundant carbon source transported into legume root nodules is
photosynthetically produced sucrose, yet the importance of its metabolism by
rhizobia in planta is not yet known. To identify genes involved in sucrose uptake
and hydrolysis, we screened a Rhizobium meliloti genomic library and discovered a
segment of R. meliloti DNA which allows Alcaligenes eutrophus to grow on the
alpha-glucosides sucrose, maltose and trehalose. Tn5 mutagenesis localized the
required genes to a 6.8 kb region containing five open reading frames which were
named agl for alpha glucoside utilization. Four of these (aglE, aglF, aglG and aglK)
appear to encode a periplasmic binding-protein dependent sugar transport system
and one (aglA) appears to encode an alpha-glucosidase with homology to family 13
of glycosyl hydrolases. Cosmid-borne agl genes permit the uptake of radiolabeled
sucrose into A. eutrophus cells. Analysis of the properties of agl mutants suggests
that R. meliloti possesses at least one additional alpha-glucosidase as well as a lower
affinity transport system for alpha-glucosides. It is possible that the Fix+ phenotype
of agl mutants on alfalfa is due to these additional functions. Loci found by DNA
sequencing to be adjacent to aglEFGAK include a probable regulatory gene (aglR),
zwf and edd which encode the first two enzymes of the Entner-Doudoroff pathway,
devB which encodes a putative oxidoreductase, and a novel Rhizobium-specific
repeat element.
INTRODUCTION
Photosynthetically derived sucrose is the main source of carbon to legume root
nodules. In fact, sucrose is the first radiolabeled compound found in the root
nodules and bacteroids of nodulated plants which are incorporating 14CO 2 via
photosynthesis (Romanov et al., 1985). The identification of radiolabeled sucrose in
the bacteroids in these studies suggests that sucrose is being transported across the
symbiosome membrane.
Based on these observations, we thought it possible that sucrose uptake and
hydrolysis may be required for, or induced during, symbiosis. However, the possible
importance of sucrose metabolism during symbiosis has not yet been evaluated. To
date, research on carbon metabolism in indeterminate nodules, such as those
formed in the Medicago sativa-Rhizobium meliloti symbiosis, has emphasized the
role of dicarboxylic acids in nitrogen fixation (Ronson et al., 1981; Bolton et al., 1986;
Engelke et al., 1987; Yarosch et al., 1989). Although it has been demonstrated that
transport of dicarboxylic acids is required for nitrogen fixation, it seems unlikely
that dicarboxylic acids are required by bacteroids as a carbon source per se.
R. meliloti dct mutants, which fail to transport dicarboxylic acids, cannot utilize
carbon sources such as succinate in the free living state (Finan et al., 1988) and are
Fix- (Engelke et al., 1987; Yarosch et al., 1989). However, these strains are able to
induce and invade nodules, and proceed through several stages of bacteroid
development, becoming blocked just prior to active nitrogen fixation (Vasse et al.,
1990). The efficiency of the TCA cycle is reduced in dct strains, and the defect in
nitrogen fixation may be due to failure to produce enough ATP to power the
nitrogenase holoenzyme.
Sucrose metabolism has been examined at the biochemical level in both fast- and
slow-growing rhizobia (Martinez-de Drets et al., 1974; Glenn and Dilworth, 1981).
Studies of disaccharide metabolism demonstrated that sucrose hydrolysis and
uptake activities are inducible in R. meliloti. The results of competition studies
suggested that R. meliloti possesses at least three systems for disaccharide uptake:
one system that transports sucrose, maltose and trehalose; a second which transports
lactose; and a third which transports cellobiose (Glenn and Dilworth, 1981).
In these experiments, we sought to identify R. meliloti genes involved in sucrose
transport or hydrolysis, so that we could begin to address the question of whether
sucrose is utilized during nodule invasion or bacteroid development. Mutants of
R. meliloti have been isolated which cannot utilize sucrose (Cervefansky and Arias,
1984) or grow poorly on sucrose (Arias et al., 1979), but these strains fail to utilize
several carbon sources and the defects in metabolism were found to be downstream
of sucrose uptake or cleavage. No mutants of Rhizobium have been reported that
are unable to utilize sucrose yet still able to utilize fructose or glucose, a key
phenotype predicted for strains defective in sucrose hydrolysis or transport.
Since no Rhizobium mutants had been reported that were specifically defective
in sucrose utilization, and we had not succeeded in isolating them by direct
screening, we turned to a different strategy. This involved introducing a cosmid
library of R. meliloti DNA into a heterologous host that could not utilize sucrose
and selecting for derivatives that could grow on sucrose. This type of approach has
been used successfully to identify sucrose utilization genes in the
phosphoenolpyruvate-phosphotransferase system (PTS) by screening in Escherichia
coli (Garcia, 1985). In our case, E. coli proved to be unsuitable, possibly because its
G+C content is so much lower than R. meliloti, so instead we utilized Alcaligenes
eutrophus, a gram-negative soil bacterium which has a high (-66%) G+C content
and which we have shown in previous work to express the phbC gene of R. meliloti
(Chapter 2).
We report here the identification of five R. meliloti genes which permit the
growth of A. eutrophus on sucrose, maltose or trehalose. These genes evidently
encode an a-glucosidase and a system for the transport of a-glucosides. A cosmid
carrying these genes permits uptake of radiolabeled sucrose by A. eutrophus. In
addition, we report the sequence of a putative regulatory locus (aglR), the Entner-
Doudoroff genes of R. meliloti, a putative oxidoreductase gene, devB, and a novel
Rhizobium-specific repeat element.
MATERIALS AND METHODS
Strains and growth media
Strains and plasmids used in this paper are listed in Table 4-1. Bacterial strains were
routinely grown in LB medium (Maniatis et al., 1982), which was supplemented
with 2.5 mM MgSO4 and 2.5 mM CaC12 in the case of R. meliloti. The minimal
medium M9 (Long et al., 1988) supplemented with 1 mM MgSO 4, 0.25 mM CaC12, 1
mg/ml D-biotin and 0.4% of filter-sterilized carbon source was used to assay the
growth of R. meliloti strains. The defined medium MM1N [based on the medium
MM1 (Peoples and Sinskey, 1989b) with the exception that the concentration of
(NH 4)2 SO 4 is increased to 0.2%] supplemented with 0.5% (w/v) fructose or 0.4%
(w/v) filter sterilized sucrose was used to assay growth of A. eutrophus strains.
Where noted, NH 4Cl was substituted for (NH4 )2SO 4, keeping constant the final
concentration of nitrogen in the medium. Antibiotics were used at the following
concentrations: ampicillin (Amp), 150 gg/ml; chloramphenicol (Cm), 20 gg/ml;
gentamicin sulfate (Gm), 5 gg/ml for E. coli, 50 ptg/ml for R. meliloti; kanamycin
sulfate (Km), 50 gg/ml; nalidixic acid (Nal), 50 gg/ml; neomycin sulfate (Nm), 200
gg/ml; tetracycline (Tc), 10 gg/ml. To select for Tn5 or miniTn5Km, kanamycin
was used with E. coli and A. eutrophus and neomycin with R. meliloti.
Genetic techniques
Conjugal transfer of plasmids was accomplished in triparental matings using
pRK600 to provide transfer functions. Plasmid-borne insertions were recombined
into the R. meliloti genome via homogenotization as described, (Glazebrook and
Walker, 1991) using pPH1JI or pR751 as the incompatible IncP plasmid. Insertions
were then transduced using bacteriophage OM12 into strain Rm1021 to ensure a
clean genetic background. Southern hybridization was performed to check the
construction of each strain. To obtain GmR/SpR derivatives of R. meliloti Tn5-
induced mutations, Tn5 insertions were replaced with Tn5-233 (De Vos et al., 1986)
as previously described (Glazebrook and Walker, 1991).
DNA manipulations
Plasmid and cosmid DNA was isolated from overnight cultures of E. coli by the
alkaline lysis method (Maniatis et al., 1982) or by purification over a Qiagen column.
DNA modifying enzymes were used according to the instructions of the supplier
(New England Biolabs, Beverly, MA or Takara, Japan). Gene Screen Plus
membranes (Dupont/NEN, Boston, MA) were used for Southern hybridization.
Radiolabeled DNA probes were prepared with the NEBlot random labeling kit (New
England Biolabs, Beverly, MA) and 32P a-dCTP from Dupont/NEN (Boston, MA) or
Amersham.
DNA Sequencing and analysis
Plasmids were purified for sequencing using a Qiagen plasmid mini kit. The
sequencing strategy was based on a detailed restriction map of pLW200. Each of the
10 EcoRI fragments of pLW200 was subcloned into pBluescript SK+. These plasmids
and defined subfragments cloned into pBluescript SK+ or pBluescript II KS+ were
subjected to fluorescently labeled dideoxy termination reactions at the MIT
Biopolymers laboratory or in an MJ-Research thermal cycler. The sequencing
reactions were then separated on an ABI-Prism apparatus at the MIT Biopolymers
laboratory or at the Molecular Biology facility at Dartmouth. Contigs were prepared
using the SeqMan software program (Lasergene). Comparisons of nucleotide
sequences and translated nucleotide sequences with GenBank were performed by
using the BLAST algorithms (Altschul et al., 1990; Gish and States, 1993) to search
the databases maintained by the National Center for Biotechnology Information.
Searches of SWISSPROT using Profile Scan to find PROSITE (Bairoch, 1992) patterns
were performed with the resources maintained by ExPasy in Switzerland.
Additional analysis was performed using the package of software developed by the
Genetics Computing Group (GCG) (Genetics Computer Group, 1991), DNA Strider
version 1.2, and the DNASTAR programs by Lasergene. The DNA sequence
reported in this chapter has been submitted to GenBank and assigned the accession
AF045609.
Isolation of cosmids which improve the growth of A. eutrophus on sucrose
An R. meliloti genomic library in pLAFR1 (Friedman et al., 1982) was mated into
A. eutrophus H16, and transconjugants were selected on MM1N plates containing
sucrose as the sole carbon source. In the initial screen, half of the selective plates
contained NH 4C1 as a nitrogen source and half contained (NH4 )2 SO 4, but all
subsequent experiments used (NH4)2SO 4 as a nitrogen source. A. eutrophus strains
carrying pLW200 and related plasmids produced visible colonies after 3 days of
incubation and were scored for growth on sucrose after 5 days. After 11 days of
incubation at 300 C, these strains produced colonies approximately 4 mm in
diameter. A control strain carrying pLAFR1 did not produce visible colonies even
after 11 days of incubation at 300 C, although translucent microcolonies could be
observed under magnification. All cosmid-containing strains tested produced 4 mm
colonies within 4 days on medium containing the permissive carbon source
fructose.
Construction of mutagenized plasmids
Cosmids were mutagenized with Tn5 using previously described techniques
(Glazebrook and Walker, 1991). In hundreds of separate matings, pLW200 was
conjugally transferred into MT614, which carries a Tn5 insertion in malE. Cosmids
were then conjugally transferred into MT609, selecting with Sp, Tc and Km to obtain
isolates carrying mutagenized cosmids. Individual colonies were picked and used as
donors in triparental matings with A. eutrophus H16. A. eutrophus trans-
conjugants were selected on MM1N containing fructose, Tc and Km, and then
challenged to grow on MM1N containing sucrose, Tc and Km. Approximately 10%
of the mutagenized cosmids were unable to promote growth on sucrose. Cosmids
were conjugally transferred from A. eutrophus H16 into E. coli C2110 for DNA
preparation and analysis. Cosmid-borne Tn5 insertions were localized using
standard restriction mapping techniques.
Sugar transport assays
[U- 14C]sucrose (615 mCi mmol-1; 22.8 GBq mmol-1) was obtained from Amersham
Life Science (Buckinghamshire, England). A. eutrophus H16 harboring pLAFR1,
pLW200 or pLW249 was grown in MM1 Tc supplemented with both 0.5% fructose
and 0.4% sucrose until the OD600 was approximately 0.8. Cells were pelleted and
resuspended in MM1 Tc 0.4% sucrose and incubated for 2 hours at 30°C, after which
they were pelleted, resuspended in an equal volume of MM1 and incubated
without carbon source for 15 min at 30'C. 1 ml was withdrawn for measurement of
optical density, and radiolabeled sucrose was added to 2 ml of cells to a final
concentration of 1.6 nM. Samples (0.1 ml) were withdrawn in duplicate at 0.5, 3, 5,
7.5, 30 and 60 min after the addition of label, applied to Millipore HA filters under
vacuum and washed twice with 2 ml MM1. Filters were dried at 68°C for 15
minutes and 5 ml Hydrofluor scintillant (National Diagnostics, Atlanta) was added
before dpm were determined in a Beckman LS 6000SC scintillation counter.
Genetic mapping techniques
The genes identified in this study were mapped using the method of Finan et al.
(Finan et al., 1986). Genomic DNA from Rm1021 and Agrobacterium tumefaciens
strains At123, At125 and At128 was digested with EcoRI, subjected to electrophoresis
in a 0.6% agarose gel, transferred to a Gene Screen Plus membrane and probed with
the insert from pLW201, which contains the C terminal half of aglG and the
majority of aglA.
Plant inoculation assays
Medicago sativa cv. Iroquois was obtained from Agway (Plymouth, IN). R. meliloti
strains were tested for the ability to nodulate alfalfa on nitrogen-free Jensen's
medium as described (Leigh et al., 1985). Plants were grown in a constant
temperature room at 250 C with a 20 hour light cycle. Observations were made
weekly for at least six weeks. Each nodulation assay included the control treatments
of water, wild type R. meliloti Rm1021 and an exoA mutant Rm7031 (Leigh et al.,
1985). The presence of pink, cylindrical nodules on dark green healthy plants was
taken as evidence that nitrogen fixation was occurring. Plants lacking nodules or
with ineffective nodules were stunted and chlorotic.
RESULTS
Identification of R. meliloti genomic clones which promote growth on sucrose
A R. meliloti genomic library was mated into wild type A. eutrophus, and
transconjugants were selected on MM1N minimal medium containing abundant
nitrogen and sucrose as the sole carbon source. Approximately 24,000
transconjugants were screened from three separate matings. Less that 0.1% of the
transconjugants were able to grow on the sucrose plates. We scored colonies for
growth by comparing the size of colonies with an isogenic strain harboring the
vector. Although A. eutrophus cannot utilize sucrose as a carbon source, it does
form microcolonies on this medium because it is a facultative chemolithotroph
capable of using CO 2 as a carbon source. These translucent microcolonies were only
seen when plates were examined with a dissecting microscope.
In contrast, some transconjugant strains produced visible colonies after 3 days of
incubation, and we scored for ability to grow on sucrose after 5 days of incubation.
These colonies have the same color and colony morphology as strains grown on
fructose. No cosmids were identified which allowed A. eutrophus to grow at the
same rate on sucrose plates as on fructose, and strains carrying cosmids of interest
reached 4 mm in diameter only after 11 days of incubation. Seventeen colonies
which permit the growth of the recipient on sucrose were selected for further study.
Identification of a segment of R. meliloti DNA that improves the growth of
A. eutrophus on sucrose
Restriction mapping revealed that the seventeen cosmids chosen appear to contain
the same region of the R. meliloti genome. Only two restriction patterns were
represented in the candidate cosmids. A 19.4 kb region of DNA is present in each of
the cosmids, and two of the cosmids contain an additional 3 kb of DNA. We chose a
representative cosmid carrying the smaller insert (pLW200) for further study (Figure
4-1A). No single EcoRI restriction fragment from pLW200, when cloned into a
broad host range vector, was able to confer the growth advantage on sucrose. To
identify the region(s) of importance, pLW200 was subjected to transposon Tn5
mutagenesis and then mated into A. eutrophus. Transconjugants were selected on
MM1N fructose plates and then tested for their ability to grow on sucrose.
Approximately 10% of the transconjugants carrying mutagenized cosmids were
unable to grow on sucrose. In all, more than seventy mutagenized cosmids were
isolated which failed to promote growth on sucrose. The Tn5 insertions in these
cosmids map to a central 6.8 kb region which is required for the improved growth
phenotype (Figure 4-1C).
The same segment of R. meliloti DNA also permits growth of A. eutrophus on
maltose and trehalose
In order to relate our observations to the previous study of disaccharide metabolism
by R. meliloti (Glenn and Dilworth, 1981), we tested whether the cosmid conferring
the ability to grow on sucrose influenced the ability of A. eutrophus to grow on
maltose, trehalose or the galactosides lactose or melibiose. The cosmid pLW200
improved the growth of A. eutrophus on the oc-glucoside disaccharides, but not on
lactose or melibiose. Nor did it influence growth on fructose. pLW249, one of the
Tn5 insertion mutants of pLW200 identified because it fails to improve the growth
of A. eutrophus on sucrose, is also unable to promote growth on maltose or
trehalose as a sole carbon source. These results are consistent with the suggestion
(Glenn and Dilworth, 1981) that R. meliloti uses the same transport system for
sucrose, trehalose and maltose.
DNA sequence suggests this region encodes a binding-protein dependent transport
system for alpha-glucosides
Analysis of transposon insertions and DNA sequence data has led to the detection of
5 loci within the 6.8 kb region identified by Tn5 mutagenesis (Figure 4-1B). Since
they have been implicated in a-glucoside utilization, we have named these genes
agl. The genes are arranged in the order aglEFGAK. On the basis of sequence
homologies aglA appears to encode an a-glucosidase, whereas aglK, aglF, agiG and
aglE appear to encode a periplasmic binding protein dependent transport system
(discussed below). Transport of the a-glucosides sucrose, maltose and trehalose
followed by their cleavage by AglA can account for how this set of genes confers the
ability to utilize these three sugars.
Mutants of R. meliloti disrupted by insertions in genes carried on pLW200 can
utilize sucrose and are Fix+
All of the Tn5 insertions shown in Figure 4-1C were transferred from the
mutagenized cosmid into the Rm1021 genome by homogenotization and the Tn5
insertions were subsequently transduced into Rm1021 to ensure a clean genetic
background. The resulting mutants were tested for their ability to utilize various
carbon sources. All of the mutants are able to utilize glucose and succinate as carbon
sources. R. meliloti aglA mutants, which are disrupted in the gene encoding the
putative glycanase, grew as well as or almost as well as wild type in sucrose and
trehalose but grow more slowly in liquid cultures containing maltose. R. meliloti
aglE, aglF and aglG mutants, which are disrupted in the putative periplasmic
binding protein and inner membrane permeases, respectively, grow more slowly
than wild type or aglA in liquid cultures containing sucrose, maltose or trehalose
and fail to grow in liquid cultures in which the concentration of trehalose or
maltose was reduced to 1 mM. aglE, aglF and aglG mutants form weakly growing
colonies on M9 plates containing sucrose, maltose or trehalose. These data strongly
suggest that R. meliloti possesses at least one additional a-glucosidase activity
besides the one proposed to be encoded by aglA. Because the mutants defective in
the putative transport system are more severely affected than those affected in the
putative glycanase, we propose that aglE, aglF, aglG and aglK encode the major
transport system for import of a-glucosides into the cell, and that there is at least
one other, possibly lower affinity, pathway for import of these sugars. In addition,
because the growth defect is more severe in the aglE, aglF and aglG mutants than the
aglA mutant, these data suggest that the proposed additional a-glucosidase is not an
extracellular enzyme. All of the agl mutants are able to elicit Fix+ nodules on
Medicago sativa.
AglA shares homology with a-glucosidases
The predicted amino acid sequence of AglA shows homology to many members of
family 13 of glycanases, also referred to as the a-amylase family (Henrissat, 1991;
Henrissat and Bairoch, 1993; Henrissat and Romeu, 1995). The family is composed
of proteins with diverse substrate specificities and products; enzymes which may
cleave maltose, sucrose, trehalose and oligosaccharides composed of glucose with
either a-1,4 or a-1,6 linkages. The strongest homology is seen with an exo-a-1,4
glucosidase from Bacillus stearothermophilus (Takii et al., 1996), a thermostable
a-glucosidase of Bacillus sp. (Nakao et al., 1994) and an oligo-1,6-glucosidase from
Bacillus coagulans (Watanabe et al., 1996). Strong homology is also observed with
many maltases, sucrases and two trehalose hydrolase proteins. The deduced
polypeptide of AglA contains the seven invariant amino acid that are conserved in
the active site of enzymes of the a-amylase family (Figure 4-2) (Svensson, 1994).
aglK appears to encode the ABC component of the binding protein dependent
transport system
The deduced polypeptide AglK is homologous (55% identical/69% similar) to
Agrobacterium radiobacter LacK (Williams et al., 1992) and shows strong homology
to other members of the ATP-binding cassette (ABC) family of proteins. An
alignment of AglK with A. radiobacter LacK and E. coli MalK, the ATP-binding
component of the maltose transport system, is shown in Figure 4-3. There are two
strongly conserved motifs located within the N-terminal region of the protein, and
the degree of similarity drops off sharply in the C-terminus. An ATP/GTP binding
site, or P-loop, is located at residues 36-43. The highly conserved ABC transporter
signature, a PROSITE pattern found in all proteins of this family, is located at
residues 134-144 of the deduced amino acid sequence.
AglF and AglG are homologous to inner membrane sugar permeases
AglF and AglG share homology with the MalFG subfamily of inner membrane
permeases and contain the PROSITE pattern developed as a signature of this family
of proteins (Figure 4-4 and Figure 4-5). In the homologous E. coli protein MalG, the
protein domain defined by this consensus sequence has been proposed to be
involved in protein-protein interactions with MalK, a cytoplasmic ATP-hydrolyzing
peripheral membrane protein and a homologue of AglK (Dassa, 1993; Nikaido,
1994). The strongest homologues of AglF and AglG are Slr0530 and Slr0531
respectively, hypothetical proteins of Synechocystis sp. strain PCC6803 that are
thought to be inner membrane permeases (Hirosawa et al., 1995; Kaneko et al.,
1996). AglF is 52% identical and 73% similar to Slr0530. The hydrophobicity trace of
AglF is almost superimposable with those of Slr0530 and A. radiobacter inner
membrane lactose permease LacF (Williams et al., 1992). There are six potential
transmembrane domains, consistent with the hypothesis that it is an integral
membrane protein. AglG is 52% identical and 72% similar to Slr0531, and the
hydrophobicity trace of AglG suggests that it could form 5 or 6 transmembrane
domains. Taken together it seems likely that AglF and AglG are integral membrane
proteins which may be involved in transport of sugar substrates across the inner
membrane.
AglE shares homology with periplasmic solute binding proteins
AglE appears to be a member of the MalE periplasmic solute binding protein family.
AglE is 42% identical and 62% similar to Slr0529, a hypothetical protein of
Synechocystis sp. strain PCC6803, which in turn shares homology with periplasmic
solute binding proteins MalE of E. coli and MsmE of Streptococcus mutans (Figure
4-6). Both of these proteins specifically bind sugars; MalE is a maltose/maltodextrin
binding protein (Shuman, 1982; Duplay et al., 1984) and MsmE is involved in the
uptake of melibiose, raffinose and isomaltotriose (Russell et al., 1992). MalE, the
E. coli maltose binding protein, has been extensively analyzed. Structure-function
and crystallization studies have shown that the substrate binding site lies in a cleft
between the N and C terminal lobes of the protein (Spurlino et al., 1991). The
regions which are conserved between these known periplasmic solute binding
proteins and AglE and Slr0529 are limited. However, the highest conservation
between MalE, MsmE, S1r0529 and AglE is in a region which in MalE forms the
hinge between N and C terminal domains and is adjacent to residues which have
been shown to contact the substrate in the ligand bound crystal (Spurlino et al.,
1991). The structure of maltose binding protein has been compared with that of
other periplasmic substrate binding proteins, and although they tend to have very
different primary sequences, their 3-dimensional structures share many similarities
(Quiocho and Ledvina, 1996).
Support for this inference that AglE is a periplasmic binding protein is provided
by gene order in the agl region. In almost every reported case (Boos and Lucht,
1996), genes encoding periplasmic solute binding proteins are directly upstream of
their associated inner membrane permease genes. One example is the lactose
operon of A. radiobacter (Williams et al., 1992) which encodes a binding-protein
dependent periplasmic lactose permease and most closely resembles the gene order
of the agl region. The gene encoding lactose binding protein, lacE, is found
upstream of lacF and lacG encoding integral membrane sugar permeases, lacZ
encoding 1-galactosidase and lacK which encodes the ATP-hydrolyzing component
of the transporter. A divergently transcribed regulatory locus is located upstream of
lacE. The gene order of the agl region duplicates this gene order, and it seems
possible that aglE could encode a periplasmic binding protein which would interact
with the putative sugar permeases encoded by aglF and aglG.
AglR, a putative regulatory protein, is homologous to DNA binding proteins
Upstream of aglE and divergently transcribed is a locus which shows homology to
transcriptional regulators of the lad family of repressors and which was named aglR
on the basis of this homology. Many proteins in this family are involved in
catabolite repression of sugar utilization operons. The strongest homologue of the
deduced polypeptide AglR is RafR, the raffinose regulator of E. coli (Aslanidis et al.,
1989). AglR is 32% identical and 50% similar to RafR, and an alignment of these
deduced polypeptides with the regulatory protein CcpA of Bacillus megaterium,
which negatively regulates expression of an amylase and positively regulates genes
involved in the excretion of excess carbon (Hueck et al., 1994), and the negative
transcriptional regulator CytR of E. coli (Valentin-Hansen et al., 1986) is shown in
Figure 4-7. aglR lies outside of the 6.8 kb region of pLW200 shown to be required for
the utilization of a-glucoside disaccharides by A. eutrophus, as would be expected if
it serves as a negative regulator of the expression of the other agl genes.
The agl genes permit uptake of sucrose by A. eutrophus
To test our model that the aglE, aglF, aglG and aglK gene products are involved in
transport of a-glucosides, we examined the ability of an A. eutrophus strain
harboring pLW200 to incorporate radiolabeled sucrose. These experiments were
conducted in A. eutrophus in order to observe the activity of the agi genes outside of
the context of other R. meliloti sucrose transport or hydrolysis systems. As shown
in Figure 4-8, pLW200, which carries the agl genes, is able to promote the uptake of
14C-sucrose. This effect is not seen in an isogenic strain carrying the vector pLAFR1,
nor in a strain harboring pLW249, a derivative of pLW200 which has a Tn5
insertion in the aglE gene. These results suggest that the genes carried on pLW200
encode a functional system for transport of sucrose.
The agl region maps to the R. meliloti chromosome
R. meliloti has three replicons, the chromosome and two megaplasmids of 1.4 and
1.7 Mb (Sobral et al., 1991). The agl region was mapped by Southern hybridization
using the method of Finan et al. (Finan et al., 1986). EcoRI-digested genomic DNA
from Rm1021, Rm9623, Rm9624, Rm9625 and Agrobacterium tumefaciens strains
cured of the Ti plasmid and carrying (a) R. meliloti megaplasmid pRmeSU47a, (b)
R. meliloti megaplasmid pRmeSU47b or (c) no megaplasmid was probed with
radiolabeled pLW201 DNA, which contains the C-terminal half of aglG and the
majority of aglA. A strongly hybridizing band of 2.1 kb was observed in the lane
containing DNA isolated from Rm1021, and strongly hybridizing bands of
approximately 8 kb were seen in the lanes containing DNA from the three Tn5
insertion mutants. No bands were seen in the lanes containing DNA from the
A. tumefaciens strains, indicating that the locus maps to the R. meliloti
chromosome and not to one of the megaplasmids.
zwf and edd
Because all of the cosmids identified in our screen had such a large (-20 kb) overlap
we were interested in whether additional loci involved in sugar metabolism
mapped nearby, and we determined the DNA sequence of 7.3 kb downstream of the
agl region. Several open reading frames were identified. Of particular interest are
two loci which appear to encode the first two enzymes of the Entner-Doudoroff
pathway (Figure 4-9). One open reading frame encodes a deduced protein of 491
amino acids that is 51% identical and 67% similar to Zymomonas mobilis glucose-6-
phosphate dehydrogenase enzyme Zwf (zwischenferment) (Barnell et al., 1990) and
contains the PROSITE pattern DHYLGK[E/Q] which is conserved among glucose-6-
phosphate dehydrogenase proteins. Based on this information, we have named
this locus zwf. An alignment of R. meliloti Zwf and the Zwf proteins from
Z. mobilis, E. coli and Synechocystis sp. is shown in Figure 4-10. An second open
reading frame encodes a deduced protein of 605 amino acids whose strongest
homologue (58% identity/75% similarity) is A. tumefaciens MocB (Kim and
Farrand, 1996), a homologue of 6-phosphogluconate dehydratase (Edd), the Entner
Doudoroff enzyme which converts 6-phosphogluconate to 2-keto-3-deoxy-6-
phosphogluconate. The R. meliloti deduced protein sequence contains two
PROSITE signatures (Bairoch, 1992) which are conserved in the evolutionarily
related dihydroxy acid dehydratases and 6-phosphogluconate dehydratases (Figure
4-11) and we have named the locus edd. The Entner-Doudoroff pathway is known
to be the major pathway for glucose utilization in R. meliloti (Stowers, 1985), but
these loci have not been previously cloned from R. meliloti. The activities encoded
by zwf and edd have been detected in the bacteroid fraction of alfalfa nodules
(Irigoyen et al., 1990). A nitrosoguanidine-induced mutant of R. meliloti lacking
glucose-6-phosphate dehydrogenase activity has been isolated (Cervefiansky and
Arias, 1984) and was found to be Fix+ on alfalfa, suggesting that this enzymatic
activity is not essential during symbiosis or that there may be an additional,
developmentally regulated locus encoding this activity.
R. meliloti DevB is a member of the SOL/DevB family of oxidoreductases
A small open reading frame between zwf and edd encodes a polypeptide of 188
amino acids with homology (33% identity/51% similarity) to DevB from the
cyanobacterium Anabaena sp. strain 7120 (Figure 4-12), and we have provisionally
named this locus devB. Although Anabaena devB has been proposed to encode an
isozyme of glucose-6-phosphate dehydrogenase (Bauer, 1994) based on its homology
with the central portion of a biochemically characterized isozyme of glucose-6-
phosphate dehydrogenase isolated from rabbit liver microsomes (Ozols, 1993), this
designation seems premature, because the region of homology between Anabaena
DevB and the rabbit glucose-6-phosphate dehydrogenase does not include the
catalytic domain of the protein. The conserved active site sequence DHYLGK[E/Q]
found in all homologues of Zwf is absent in DevB. Instead Shen et al. offer the
model that the rabbit microsomal glucose-6-phosphate dehydrogenase is a chimeric
protein composed of a Zwf domain and a SOL domain and define a new family of
proteins, the SOL/DevB family of putative oxidoreductases (Shen et al., 1996). We
propose that the R. meliloti deduced polypeptide DevB is a member of this family of
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proteins. Anabaena devB was identified in a subtractive hybridization screen and is
preferentially expressed in heterocysts, the differentiated cells of Anabaena where
nitrogen fixation takes place (Bauer, 1994). It would be interesting to determine
whether R. meliloti devB is differentially regulated in the nitrogen-fixing bacteroid
form.
The 5' terminus of the DNA sequence presented in this chapter encodes a
truncated open reading frame immediately upstream of zwf. This partial open
reading frame encodes 305 amino acids which are 27% identical and 50% similar to
the C-terminal portion of Haemophilus influenzae probable oxidoreductase OrdL,
and we have provisionally named this locus ordL (Figure 4-13).
Repeat elements and an insertion element in the agl region
An unusual feature of this region is the presence of two copies of RIME1, a
Rhizobium-specific intergenic mosaic element. This repeat element was first
identified between chvl and exoS of R. meliloti (OsterAs et al., 1995). RIME1
contains two large inverted repeats, and was named for its structural similarity to
BIME, a repeat element found in enteric bacteria (Gilson et al., 1991). The 5' copy of
RIME1 is found between aglE and aglF, and the 3' copy is immediately upstream of
the insertion sequence described in the next section.
RIMEs have been previously identified by DNA sequencing in R. meliloti,
Rhizobium spp. NGR234 and Rhizobium leguminosarum (Osteras et al., 1995). In
addition, RIME sequences hybridized to DNA from Agrobacterium rhizogenes, but
not that of A. tumefaciens or Bradyrhizobium japonicum (OsterAs et al., 1995).
Although Osteras et al. reported than no copies of RIME were identified on the
Rhizobium spp. NGR234 megaplasmid by Southern hybridization, we were able to
identify three copies of RIME1 by performing a BLASTN search of the symbiotic
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megaplasmid of Rhizobium NGR234 (Freiberg et al., 1997). We also identified
additional copies in Rhizobium trifolii and the phoCDET (Bardin et al., 1996) and
exp (Becker et al., 1997) regions of R. meliloti. All copies of RIME1 found to date are
located in intergenic regions or overlapping the coding region by a few bases.
We have also identified a novel insertion element between edd and aglK. This
insertion element consists of an apparently fragmented reading frame flanked by 39
bp terminal inverted repeats. The nucleotide sequence in this region is highly
homologous to the Rhizobium spp. NGR234 megaplasmid locus y4zb, and the
R. meliloti potential coding region encodes a polypeptide with strong homology
(interrupted by in-frame stop codons) to the hypothetical protein Y4zb. Y4zb is
thought to be a transposase, but the y4zb locus is not flanked by the inverted repeats
seen in R. meliloti. Both Y4zb and its R. meliloti homologue exhibit limited
homology to transposases from Bacillus stearothermophilus (Xu et al., 1993) and
insertion sequences and we have therefore tentatively named the locus tnp. It is
possible that this locus may be, or may have been involved in integration or
recombination functions at one time during the evolution of the strain.
The 39 bp terminal sequences show homology with intergenic sequences in
R. meliloti and R. trifolii. We observed that this 39 bp sequence is 100% conserved
in an intergenic region downstream of R. meliloti ftsZ (Margolin and Long, 1994).
We also found that the same 39 bp are 87% conserved with a sequence between the
R. meliloti betaine aldehyde dehydrogenase (betB) and choline dehydrogenase
(betA) genes (Pocard et al., 1997), and 86% conserved with sequence overlapping the
stop site of the Rhizobium trifolii fructokinase (frk) gene (Fennington and Hughes,
1996). These data are shown in Figure 4-14. It seems possible that these occurrences
of the 39 bp repeat element represent former sites of genomic recombination.
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DISCUSSION
We have isolated a cosmid containing R. meliloti DNA which is able to promote
growth on sucrose, maltose or trehalose and have constructed Tn5 insertions in the
cosmid which abolish that ability. DNA sequencing led to the identification of five
possible protein coding regions within the boundaries defined by Tn5 insertions.
We have demonstrated that the cosmid promotes the uptake of radiolabeled sucrose
by A. eutrophus, and that R. meliloti agl mutants are affected for growth on
a-glucosides. Considering these data and incorporating inferences made about these
proteins on the basis of their deduced amino acid sequences, we propose that the
AglEFGK proteins form a periplasmic binding protein dependent transport system
for a-glucoside disaccharides and that AglA is a glycosyl hydrolase active on the
disaccharides trehalose, sucrose and maltose. Although agi mutants grow more
slowly on a-glucoside disaccharides, they can still utilize these carbon sources and
our model therefore accounts for these observations by including at least one
additional mechanism for transporting and cleaving sucrose, maltose and trehalose
(Figure 4-15.).
If our model is correct and R. meliloti possesses more than one glycanase which
is able to cleave sucrose, maltose and trehalose, it would not be the first example of
redundant glycanase activity in R. meliloti. exoK mutants, which are deficient in
the production of an extracellular glycanase active on the acidic exopolysaccharide
succinoglycan, still possess succinoglycan-cleaving activity. Three loci, exsH, prsD
and prsE, were found to encode the second glycanase and the system required to
export the glycanase (York and Walker, 1997). The R. meliloti genome is
approximately 6.8 Mb, several fold larger than the genome of Haemophilus
influenzae (Fleischmann et al., 1995), so the existence of redundant functions is
perhaps not too surprising.
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Periplasmic binding protein dependent transport systems
The ABC (ATP-binding cassette) transporter superfamily contains many exporters
(Fath and Kolter, 1993) such as the multi-drug resistance pumps of eukaryotes and
the E. coli alpha hemolysin exporter. A large evolutionarily related (Saurin and
Dassa, 1994) subfamily of ABC transporters are the bacterial periplasmic permeases,
also called periplasmic binding-protein dependent transport systems (Boos and
Lucht, 1996). These systems carry out energy-dependent transport of substrates
across the inner membrane of bacterial cells. Known substrates for bacterial
periplasmic permeases include sugars, amino acids, peptides, vitamins and metals
(Boos and Lucht, 1996).
The canonical member of the periplasmic binding protein dependent transport
systems is the maltose/maltodextrin transporter of E. coli (Nikaido, 1994). Bacterial
permease systems all contain a hydrophilic peripheral membrane protein which
contains the ATP binding cassette, such as E. coli MalK (Bavoil et al., 1980). This
ABC component is characteristically associated with two hydrophobic integral
membrane permeases such as MalF and MalG. The final component is a
periplasmic substrate binding protein, which recognizes the substrate and delivers it
to the membrane. Proteins in this final class, typified by the maltose binding
protein MalE, are comprised of two lobes, separated by a flexible hinge, and a deep
binding cleft. The lobes make independent contacts with the two different inner
membrane permeases (Hor and Shuman, 1993; Szmelcman et al., 1997) and the cleft
is the site of substrate binding (Scharff et al., 1992).
Periplasmic binding protein dependent systems in R. meliloti
The agl genes encode one of the first periplasmic binding protein dependent
transport systems identified in R. meliloti. Gage and Long have only recently
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identified genes encoding a R. meliloti periplasmic binding protein dependent
transport system for a-galactosides (Gage and Long, Personal communication). The
osp (oligosaccharide permease) genes are homologous to opp genes encoding
oligopeptide permeases (Hiles et al., 1987). TnphoA insertions in the osp genes
render R. meliloti unable to grow on a-galactosides but do not affect the symbiotic
properties of the strain. To test whether removal of both the osp and agl systems
would affect symbiosis, we constructed double mutants which are disrupted in the
genes encoding the a-galactoside binding protein (ospA) and either the proposed
a-glucoside binding protein (aglE) or glycosyl hydrolase (aglA). Both the ospA aglE
and ospA aglA strains are still able to utilize a-glucosides and are Fix +. In addition
to the periplasmic binding protein dependent systems for a-glucosides and
a -galactosides, R. meliloti appears to contains a periplasmic binding protein
dependent system for fructose uptake. Williams et al. showed that an R. meliloti
periplasmic protein cross-reacts with an antibody raised against the A. radiobacter
fructose binding protein (Williams et al., 1995). However, the genes encoding the
presumed fructose transport system have not been identified.
One of the most novel inferences to come out of this work is that aglE may
encode a periplasmic binding protein with specificity for sucrose, maltose, and
trehalose. If our model is correct, to our knowledge we have identified the first
bacterial periplasmic binding that specifically binds to sucrose, maltose and
trehalose. Although the deduced protein AglE shares only weak homology with E.
coli MalE, the region of highest homology is adjacent to residues known to be
involved in substrate binding. Our model also implies that Synechocystis proteins
Slr0529, Slr0530 and Slr0531 are involved in sugar transport. Sucrose and trehalose
are known to be transported by Synechocystis (Mikkat et al., 1997), but no genes
have yet been assigned to those functions.
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The high affinity binding of MalE (MBP) to amylose resin is well documented
and this property has been frequently employed for the purification of fusion
proteins in overexpression systems (Kellerman and Ferenci, 1982; Bedouelle and
Duplay, 1988). One way to demonstrate that AglE is a periplasmic a-glucoside
binding protein would be to isolate periplasmic proteins from cells grown in
minimal medium containing maltose and determine which proteins bind to an
amylose resin. Preliminary results using periplasmic proteins isolated from
Rm1021 show that two prominent proteins are retained by the amylose resin and
elute with 10 mM maltose. The critical experiment will be to repeat the procedure
with an aglE mutant strain to determine whether one of the maltose binding
proteins is absent. The presence of more than one periplasmic maltose binding
protein is consistent with, but not a requirement of, our model that R. meliloti has
more than one system for the utilization of a-glucosides. The region of starch-filled
cells in alfalfa nodules raises the possibility that the starch breakdown product
maltose could be a carbon source for bacteroids.
Trehalose is a well characterized osmolyte, and is known to accumulate in
highly stressed cultures of R. meliloti in which the concentration of NaCl is above
0.5 M (Smith et al., 1994). le Rudulier has recently identified a R. meliloti strain
unable to utilize trehalose but which is still able to transport trehalose (le Rudulier,
personal communication). This strain may carry a mutation in one of the
uncharacterized systems for utilization of a-glucosides by R. meliloti. It will be
important to construct a strain carrying the mutation described by le Rudulier and
an agl mutation in order to determine whether the double mutant can utilize
trehalose.
Our results show that the cosmid-borne agl genes are expressed in A. eutrophus
and that R. meliloti strains carrying mutations in agE and aglF are affected in their
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growth on maltose and trehalose. These data show that agl genes are involved in
R. meliloti a-glucoside metabolism. However, we have not examined the
transcriptional regulation of the agl genes. It would be informative to construct
transcriptional lacZ fusions to agl structural genes and assay for P-galactosidase
activity when cells are grown in the presence or absence of substrate. These
experiments could also test whether the agl genes are subject to catabolite repression
by examining P-galactosidase activity in the presence of a-glucosides with or
without added succinate, which has been shown to be involved in catabolite
repression in R. meliloti (Ucker and Signer, 1978). In addition, a double mutant
aglR aglA::lacZ should be constructed to test the hypothesis that aglR is a
transcriptional regulator. The fact that none of the Tn5 insertions which knock out
the ability of pLW200 to promote growth on alpha glucosides were located in aglR is
consistent with the hypothesis that aglR encodes a repressor, because elimination of
a repressor could lead to constitutive activation of the agl genes. In order to relate
our observations to the previous study which showed that sucrose uptake by
R. meliloti is inducible (Glenn and Dilworth, 1981), it would also be informative to
examine uptake of radiolabeled sucrose in R. meliloti strains carrying insertions in
the agl genes.
We have characterized the DNA region which lies downstream of the agl genes
and found several open reading frames which appear to encode enzymes involved
in oxidation/reduction reactions. Although only the agl genes, located in the
central 7 kb of the approximately 20 kb found in all the cosmids isolated in this
work, were shown to be required for a-glucoside utilization, the zwf and edd genes
are proposed to be involved in metabolism of the monosaccharides produced after
cleavage of sucrose, trehalose and maltose. zwf and edd are the first examples of
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Entner-Doudoroff genes cloned from Rhizobium, Sinorhizobium, Bradyrhizobium
or Azorhizobium. The substrates for the products of devB and ordL are unknown.
The presence of two copies of RIME1 in this region is intriguing. No one knows
the function or origin of RIME1, but it could represent leftover termini from
transposition or cross-species lateral transfer events. The inverted repeats of RIME
could act as a binding site for a regulatory protein. If RIME1 is able to form hairpins,
and these hairpins act as transcriptional terminators, it is possible that premature
termination could occur at RIME1, leading to an abundance of truncated transcript
containing only aglE, and a paucity of full length transcripts. This hypothesis is
interesting because it has been shown that E. coli periplasmic substrate-binding
proteins such as MalE are approximately 30 times as numerous in the cell as their
cognate integral membrane permeases (Boos and Lucht, 1996). This disparity is
thought to reflect transcriptional differences, and a REP repeat element found
between malE and malF is believed to be involved. Alternatively, the difference
could be accounted for by differences in ribosome binding site strength. As more
genomes are sequenced, several repeat elements and mosaic elements will
undoubtedly be found and may prove useful as tools for taxonomic studies.
Because R. meliloti mutants disrupted in agl genes encoding the putative
transport system are severely affected in their growth on a-glucosides, it appears
that aglEFGK encode the primary system for transport of these sugars. These results
are consistent with the report that R. meliloti uses the same uptake system to
transport sucrose, maltose and trehalose (Glenn and Dilworth, 1981). Identification
of the sucrose utilization system encoded by the agl genes should help to make it
possible to screen for mutants defective in sucrose utilization and thus evaluate the
importance of sucrose metabolism during the nodulation process. Indeed,
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preliminary results indicate that it is possible to isolate mutants of either aglA or
aglE that are unable to metabolize the a-glucosides sucrose, maltose and trehalose.
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Table 4-1. Bacterial strains and plasmids
Relevant characteristics
'ti
Strain or plasmid
Strain
Rhizobium melilo
Rm1021
SG1001
Rm9620
Rm9621
Rm9622
Rm9623
Rm9624
Rm9625
Rm9626
Rm9627
Rm9628
Rm9631
Rm9632
Rm9633
Rm9634
SU47 str-21
Rm1021 ospA::TnphoA
Rm1021 aglK2::Tn5
Rm1021 aglE49::Tn5
Rm1021 aglF95::Tn5
Rm1021 aglA112::Tn5
Rm1021 aglG127::Tn5
Rm1021 aglA279::Tn5
Rm1021 aglA115::Tn5
Rm1021 aglA182::Tn5
Rm1021 aglE192::Tn5
Rm1021 aglA112::Tn5-233a
Rm1021 aglE49::Tn5-233a
Rm9631 ospA::TnphoA
Rm9632 ospA::TnphoA
Alcaligenes
H16
Agrobacterium tumefaciens
At123 GMI9023 = GMI9050 cured of pAtC58 SmR,
RifampicinR
At125 GMI9023 pRmeSU47b5007::Tn5-oriT NmR/KmR
At128 GMI9023 pRmeSU47a230::Tn5-11 GmR SpR/KmR
SmR
Escherichia coli
C2110 polA, NalR
DH5a supE44 AlacU169(0801acZAM15) hsdR17 recAl
endAl gyrA96 thi-1 relAl
MT614 MM294 malE::Tn5
MT609 polA1, thy, SpR
Plasmid
pRK600
pPH1JI
pR751
pLAFR1
pSW213
pAB2001
pUTminiTn5Km
pLW200
pRK2013 npt::Tn9, CmR
IncP, GmR, SpR
IncP, TpR
TC R, IncP broad host range cosmid vectorTcR, IncP broad host range vector
Source of promoterless lacZGm interposon
Source of NmR/KmR cassette
pLAFR1 derivative carrying R. meliloti agl
Source or reference
(Meade et al., 1982)
D. Gage
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
(Peoples and Sinskey,
1989b)
(Rosenberg and Huguet,
1984)
(Finan et al., 1986)
(Finan et al., 1986)
B. Staskawicz
Clontech
T. M. Finan
T. M. Finan
(Finan et al., 1986)
(Beringer et al., 1978)
(Meyer and Shapiro,
1980)
(Friedman et al., 1982)
(Chen and Winans,
1991)
(Becker et al., 1993)
(de Lorenzo et al.,
1990)
this work
region
pLW249 pLW200 aglE49::Tn5 this work
a These mutants were obtained by replacement of the corresponding Tn5 insertion with Tn5-233
(De Vos et al., 1986).
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Figure 4-1.
Genetic organization of the agi region of R. meliloti
A. Restriction map of the insert of pLW200. Restriction sites indicated: EcoRI (E),
BamHI (B), KpnI (K).
B. Positions and extents of the putative protein coding regions identified by
sequence analysis are shown by open arrows. Open triangles indicate the positions
and orientation of RIME1. Black triangles indicate the positions of the 39 bp repeat
element. The grey line above the arrows indicates the region sequenced.
C. Positions of Tn5 insertions which eliminate the ability of pLW200 to promote
the growth of A. eutrophus on the x-glucosides sucrose, maltose and trehalose.
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Figure 4-2.
Alignment of the deduced proteins AglA from R. meliloti, an exo-a-1,4-
glucosidase from B. stearothermophilus (1321625), an a-1,4-glucosidase from
Bacillus sp. (580824) and an oligo-1,6-glucosidase from B. coagulans (2492896).
Accession numbers are indicated in parentheses. The alignment was performed
using the Clustal algorithm of SeqMan (Lasergene). Conserved residues are
shaded with black.
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Figure 4-3.
Alignment of the deduced polypeptides AglK of R. meliloti, LacK of A. radiobacter
(266444), and MalK of E. coli (409797). The alignment was performed using the
Clustal algorithm of Megalign (Lasergene). Gaps have been introduced to
optimize the alignment. Identical residues are shaded with black. The PROSITE
pattern conserved in ATP-binding cassette peripheral membrane proteins is boxed.
Accession numbers are indicated in parentheses.
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Figure 4-4. AglF
Alignment of the deduced polypeptides AglF of R. meliloti, Slr0530 of
Synechocystis sp. strain PCC6803 (1001331) and lactose permease LacF of
A. radiobacter (266441) The alignment was performed using the Clustal algorithm
of Megalign (Lasergene). Gaps have been introduced to optimize the alignment.
Identical residues are shaded with black. The PROSITE pattern conserved in inner
membrane permeases is boxed. Accession numbers are indicated in parentheses.
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Figure 4-5.
Alignment of the deduced proteins AglG of R. meliloti, Slr0531 of Synechocystis
sp. strain PCC6803 (1001332) and lactose permease LacG of A. radiobacter (400157).
The alignment was performed using the Clustal algorithm of Megalign
(Lasergene). Gaps have been introduced to optimize the alignment. Identical
residues are shaded with black. The PROSITE pattern conserved in inner
membrane permeases is boxed. Accession numbers are indicated in parentheses.
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Figure 4-6.
AglE and Slr0529 are weakly homologous with known periplasmic sugar binding
proteins. An alignment of the deduced peptides AglE of R. meliloti, Slr0529 of
Synechocystis sp. PCC6803 (1001330), MalE of E. coli (126695) and MsmE of
S. mutans (547925) is shown.
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Figure 4-7
Alignment of the deduced polypeptide AglR of R. meliloti with proteins known to
be involved in regulation of sugar catabolism genes, including RafR of E. coli
(131825), CcpA of B. subtilis (1168844) and CytR of E. coli (118189).
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Figure 4-8.
Uptake of [U- 14]sucrose by Alcaligenes eutrophus H16 harboring pLAFR1 (A),
pLW200 (U) or pLW249 (+).
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Figure 4-9.
The Entner-Doudoroff metabolic pathway for glucose utilization,
reactions carried out by Zwf and Edd.
showing the
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Figure 4-10.
Alignment of the deduced Zwf peptides from R. meliloti, Z. mobilis (M60615),
E. coli (2506448) and Synechocystis sp. strain PCC6803 (2494656). The alignment
was performed using the Megalign program [Lasergene] with the Clustal
algorithm. Identical residues are shaded in black. Gaps have been introduced to
optimize the alignment. The PROSITE pattern conserved in glucose-6-phosphate
dehydrogenase active sites is boxed. The presumed active site lysine is indicated
with an asterisk. Accession numbers are indicated in parentheses.
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Figure 4-11.
Alignment of the deduced dehydratase proteins Edd of R. meliloti, MocB of
A. tumefaciens (U19620), Edd of E. coli (461986) and Edd of P. aeruiginosa
(1169470). The alignment was performed using the Clustal algorithm of Megalign
[Lasergene]. The PROSITE (Bairoch, 1992) patterns dehydratase signature 1 and
dehydratase signature 2 are boxed. Identical residues are shaded in black. Gaps
have been introduced to optimize the alignment. Accession numbers are
indicated in parentheses.
124
G URNA TL'A GLLHIN
K N I S
R EAIR
R
K
N
Q
P RA ID:I GENGGSK
TME S P V R A G DF
F ,g W N N ~~ll
P R RbFiIE DR
*N FK G
DVMP A G L D
SEA L
dehydratase signature 2
. N. vNYv
I N E F
HH R P Q H Y
ASRV
AP Q G NL
R V - - - -
L I
EQ C S
EE E S L
MO RE F
G T R FL FS
PF QIA GA
RC SLV P
AL EKL G
FM NAM S
- F H
-OR
NEW R
R. meliloti Edd
A. tumefaciens MocB
E. coli Edd
P. aeruginosa Edd
R. meliloti Edd
A. tumefaciens MocB
E. coli Edd
P. aeruginosa Edd
R. meliloti Edd
A. tumefaciens MocB
E. coli Edd
P. aeruginosa Edd
R. meliloti Edd
A. tumefaciens MocB
E. coli Edd
P. aeruginosa Edd
R. meliloti Edd
A. tumefaciens MocB
E. coli Edd
P. aeruginosa Edd
R. meliloti Edd
A. tumefaciens MocB
E. coli Edd
P. aeruginosa Edd
R. meliloti Edd
A. tumefaciens MocB
E. coli Edd
P. aeruginosa Edd
125
A S_- FV AA HV PE
A KVP EUT
A SG VP A HV PE
SAN
GY Q
EGK
KKT
M H - -- S
L F E L K D C H K
N K I HSE VS MAP Q
- --- - -- -- - --- -
----- - GA AA A TA
- - -- - FF NI L K KHH I
KVCFT 
ITK 
E 
GT
D L I LK D KQQ RFT
EAFFRS S RE D S VT T
IS L Q KS V L N H E C L IS
iiK IID H
N R H VA
TK L H
P ELM T W
ET A A A I A S G
ISSD T - - - - - - - -
BAD Q D QT N
D N N AVS K Q
LAI
LI L DG
R G TMEAEG
NI K PINA
77
77
91
76
106
107
121
106
129
127
151
136
159
154
175
160
189
183
204
189
203
213
234
219
AEA D - - - - -
RF K E - - - - -E-
* INKQIL E
L V
A S G G T
D E ER
GDE II DTS
G DFEPRED
K D - GAAE RF V Y Q
Q N NA L K S PL E K
Q I N M
R ED AV L
R ------- T SLGAP
- - N A L F N Q K Q P H
K
Es F - -- N E E K
T - - - - - -
SS CR Y T GR P
M SV N LENC E K L
YI R R
A
P Y
- Q
N
Q R C R S R
E V EKALKEN PYSLPI
S Q HG E E P QQ
n P AQV i1DLA
TEVEY
I -
L
KN
Q G E N P
A -R R T V
R. meliloti
H. pylori
Synechocys tis
Anabaena
R. meliloti
H. pylori
Synechocys tis
Anabaena
R. meliloti
H. pylori
Synechocys ti s
Anabaena
R. meliloti
H. pylori
Synechocys tis
Anabaena
R. meliloti
H. pylori
Synechocys tis
Anabaena
R. meliloti
H. pylori
Synechocystis
Anabaena
R. meliloti
H. pylori
Synechocystis
Anabaena
R. meliloti
H. pylori
Synechocys tis
S Anabaena
R. meliloti
H. pylori
Synechocys tis
Anabaena
Figure 4-12.
Alignment of the deduced DevB peptides from R. meliloti, H. pylori (AE000616),
Synechocystis sp. strain PCC6803 (D90916) and Anabaena sp. strain PCC7120
(U14553). The sequences were aligned using the Clustal algorithm of Megalign on
a Power Macintosh computer. Identical residues are shaded with black. Gaps have
been introduced to optimize the alignment. Genbank accession numbers are
included in parentheses.
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Figure 4-13.
Alignment of the deduced peptide from R. meliloti partial open reading frame
ordL and the C-terminal portions of H. influenzae OrdL (P44732) and E. coli OrdL
(P37906). The alignment was performed using the Clustal algorithm of Megalign
[Lasergene]. Identical residues are shaded in black. Gaps have been introduced to
optimize the alignment. Accession numbers are indicated in parentheses.
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Figure 4-14.
Alignment of the intergenic regions of R. meliloti agl region, R. meliloti ftsZ
(L25440), R. trifolii frk/pyrE (U08434) and R. meliloti betBA (U39940). The strongly
conserved motif which flanks tnp in the R. meliloti agl region is underlined.
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Model for R. meliloti alpha glucoside utilization.
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Chapter 5
Concluding Remarks
In this thesis we have explored issues of carbon metabolism by Rhizobium meliloti
and identified several genes involved in carbon metabolism. The observation that
PHB granules, which are present in R. meliloti in the infection thread, disappear
soon after release into the symbiosome membrane prompted the experiment to
determine whether disruption of the gene encoding PHB synthase would have an
effect on symbiosis. We cloned the phbC gene and isolated mutants that do not
produce PHB but found that they are not compromised in their effectiveness in the
symbiosis. This result is consistent with the correlation between low levels of PHB
and high activity of nitrogenase (Romanov et al., 1974; Tombolini and Nuti, 1989).
Perhaps R. meliloti has evolved the ability to turn off PHB biosynthesis in planta in
order to maximize its nitrogenase activity.
We also explored sucrose metabolism by R. meliloti and found that conditions
used to screen for genes which allow a heterologous host to utilize sucrose can
greatly affect the outcome of the experiment. Indeed, the alcohol dehydrogenase
gene that was identified in a screen for R. meliloti genomic clones that improve the
growth of an A. eutrophus phbC mutant on sucrose was not isolated when the
screen was repeated in a wild type A. eutrophus background. We showed that
R. meliloti adhA is expressed in A. eutrophus and offered a model for why
R. meliloti adhA may benefit a A. eutrophus phbC strain.
The most significant findings from this work are the characterization of the agl
genes for a-glucoside utilization in R. meliloti. We found that, unlike most
bacteria, R. meliloti does not use the phosphotransferase system for the utilization
of sucrose but instead appears to employ a periplasmic binding protein dependent
transport system. AglE and the Synechocystis homologue Slr0529 may represent a
new class of periplasmic binding proteins with substrate specificity for a-glucosides.
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Biochemical characterization of Agl proteins
Although we have shown conclusively that the agl genes are involved in
a-glucoside utilization and demonstrated that the agl genes promote uptake of
14C-sucrose, much of our model is based solely on the homologies of deduced
polypeptides. Further biochemical characterization of the Agl proteins will be
required to prove or refute the functions we have assigned to them.
We have suggested that aglE may encode a periplasmic substrate binding protein,
based on the limited homology with E. coli MalE and S. mutans MsmE (see Figure
4-6), and on the conserved gene order in operons encoding binding-protein
dependent transport systems (Boos and Lucht, 1996). To vigorously test that
hypothesis, it would be necessary to show both that AglE is found in the periplasm
and that it binds a-glucosides. As suggested in Chapter 4, one straightforward
experiment involves isolating periplasmic proteins using an osmotic shock protocol
and then isolating the proteins that bind to an amylose-agarose resin. If one of the
two prominent periplasmic maltose-binding proteins is absent in protein
preparations from an aglE mutant, it would argue strongly that AglE is found in the
periplasm. The identification of a particular protein that binds to amylose-agarose
resin as AglE could be confirmed by subjecting the protein to N-terminal protein
sequencing and comparing the data with the predicted amino acid sequence of AglE.
A more direct method to show maltose binding could involve overexpressing aglE
in E. coli and demonstrating that the overproduced protein binds to amylose resin.
To test the hypotheses that AglE is a periplasmic protein and that AglF and AglG
are inner membrane proteins, TnphoA fusions could be constructed to the aglE,
aglF and aglG genes. This derivative of Tn5 makes fusions to the reporter alkaline
phosphatase (Manoil and Beckwith, 1985), which is active in the periplasm but not
132
in the cytoplasm. If strains carrying TnphoA insertions in these genes produce blue
colonies on medium containing the chromogenic substrate X-P, it would indicate
that the fusion protein is in the periplasm.
Our observations that R. meliloti aglA mutants are not as severely affected for
growth on a-glucosides as aglE or aglF mutants suggests both that these strains still
have sucrose hydrolysis activity and that a-glucosides are still transported in these
strains. 14C-sucrose uptake assays can be carried out in an A. eutrophus strain
carrying a derivative of pLW200 that has a Tn5 insertion in the aglA gene to test the
latter assumption. To test the former, protein preparations from wild type and aglA
strains of R. meliloti, or A. eutrophus harboring pLW200 or its mutagenized
derivatives, could be tested in vitro for the ability to produce reducing ends from
the substrate sucrose. Such studies could take into account the observation by
Hoelzle and Streeter that ac-glucosidase activity in R. meliloti is stimulated by
potassium, rubidium and ammonium ions (Hoelzle and Streeter, 1990). Once
conditions are established which are optimized for sucrose hydrolysis activity, it
would be practical to examine c-glucosidase activity in non-denaturing
polyacrylamide gels (Manchenko, 1994). The advantage of this method is that it
makes it possible to determine the substrate specificity of glycosyl hydrolase
activities by examining, for example, whether proteins which cleave sucrose and
maltose are also active on isomaltose.
Our model predicts that AglR is a transcriptional regulator and that it may have
a helix-turn-helix DNA binding motif. This hypothesis could be tested by
performing gel shift assays using purified AglR protein and DNA from the
presumptive promoter region between aglE and aglR. There exists a direct repeat
just upstream of the postulated start site of aglE which could act as a binding site for
a regulatory protein.
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A possible role for zwf in synthesis of succinoglycan
The acidic exopolysaccharide succinoglycan fluoresces under UV light after binding
the laundry whitener Calcofluor. This property has been exploited to screen for
R. meliloti mutants which fail to produce succinoglycan and are therefore dark on
Calcofluor plates (Leigh et al., 1985; Long et al., 1988). Several additional R. meliloti
mutants have been identified that form brighter than wild type colonies on LB
medium containing Calcofluor (Leigh and Walker, Unpublished results). These
mutants have not been extensively characterized and are distinct from the strains
which overproduce succinoglycan (Doherty et al., 1988). It seems possible that a zwf
mutant might accumulate glucose-6-phosphate which could be converted into UDP-
glucose, a precursor for succinoglycan biosynthesis. If so, some mutants which
produce bright colonies on medium containing Calcofluor may carry disruptions in
zwf. This hypothesis could be tested by determining whether the Calcofluor-bright
mutants fail to grow on sucrose, as would be predicted for a glucose-6-phosphate
dehydrogenase mutant (Cervefiansky and Arias, 1984) and whether diminution of
the bright phenotype is seen when pLW200 is introduced into the Calcofluor-bright
mutants. Although this model is purely speculative and the cell tends to tightly
regulate levels of UDP-glucose, a zwf mutant of Salmonella typhimurium was
found to accumulate TDP-rhamnose, which was incorporated into a polymer
produced by that strain (Wright, Personal communication).
Mutagenesis of agl mutant strains
Because our model predicts that R. meliloti contains additional genes involved in
sucrose uptake or hydrolysis, we mutagenized aglA112::Tn5-233 (Rm9631) and
aglE49::Tn5-233 (Rm9632) with Tn5 and assessed the ability of the double mutants to
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utilize carbon sources by replica plating onto minimal plates containing sucrose,
maltose, trehalose or succinate. After screening approximately 7600 double mutants,
we identified four aglA112::Tn5-233 QTn5 strains and one aglE49::Tn5-233 QTn5
strain which are unable to grow on sucrose, maltose or trehalose but still able to
grow on succinate. Each of the Tn5 insertions from the double mutants was
transduced into Rm1021 and Rm9631 or Rm9632 to ensure a clean genetic
background. The Tn5 insertions in these strains may define new loci involved in
sucrose uptake or hydrolysis. Further characterization of these strains should
involve the isolation of R. meliloti genomic clones which complement the
mutation(s).
During the mutagenesis of aglE::Tn5-233 strain Rm9632, which was
accomplished by transducing the strain with a bacteriophage OM12 lysate that had
been grown on a pool of Rm1021 derivatives containing random Tn5 insertions,
approximately 1% of the transductants were observed to grow more strongly on
sucrose plates than the parent aglE strain. These strains proved to have transduced
in a wild type copy of aglE, because they are NmR but have lost the GmR/SpR
marker from Tn5-233. Since the mutations in these strains are transductionally
linked to aglE, their Tn5 insertions are predicted to map within approximately 5 kb
of aglE. Some of the Tn5 insertions in these strains may lie within loci such as devB
for which we currently have only sequence homology information. It would be
straightforward to determine which of these Tn5 insertions lie within the region
that has been sequenced by performing a Southern blot on EcoRI-digested genomic
DNA from these mutants, using labeled pLW200 as a probe. Because Tn5 does not
contain any EcoRI sites, Tn5 insertions which lie within one of the 10 EcoRI
fragments present in pLW200 will be easily detected by the decreased mobility of the
hybridizing band.
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If genes encoding the proposed additional glycanase(s) are not found in a screen
for derivatives of aglA which cannot utilize ca-glucosides, it may be possible to
identify them by hybridization. The active site residues of a-glucosidases are very
conserved (Svensson, 1994; Janecek et al., 1997), and an alignment of deduced
protein sequences could be used to design degenerate oligonucleotides for use as a
probe or as PCR primers. Preliminary evidence suggests that such an approach
would be fruitful. A weakly hybridizing band of approximately 10 kb is seen when
R. meliloti genomic DNA is probed with the insert from pLW201, which contains
the C-terminal half of aglG and the majority of aglA (data not shown). This band
may represent a gene encoding a glycanase or permease.
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